B.Tech. DEGREE EXAMINATION, NOVEMBER 2010. 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1) State and explain Fourier law of heat conduction. 

2) Differentiate between steady State and transient heat conduction. 

3) Explain the significance of a Grashof number. 

4) Sketch the hydro dynamic and thermal boundary layer when heating starts at 
the leading edge. 

5) Mention the purpose of radiation shield. 

6) State Kirchoffs and Wein’s law of radiations. 

7) Sketch the temperature profile of a counter flow heat exchanger. 

8) State the assumptions made while deriving the LMTD formula. 

9) Compare the mass transfer with heat transfer. 

10) Explain Fick’s law of diffusion. 

PART B - (5 x 11 = 55 marks) 

UNITI 

11) The door of a cold storage plant is made from two 6 mm thick glass sheets 
separated by a uniform air gap of 2 mm. The temperature of air inside the room 
is - 20°C and the ambient air temperature is 30°C. Assume heat transfer 
coefficient between air and glass is 23.26 W/imK, kair= 0.02 and kgiass = 0.75 
W/mK. Determine the heat leakage into the room per unit area of the door. Also 
determine the temperature at the inner surface of the glass. 

[or] 

12) A motor body has an outer diameter of 50 cm, length 40 cm and surface 
temperature 60°C has 40 longitudinal fins with thickness 8 mm, height 20 mm. 
Determine the increase in heat flow rate with h = 23 W/imK, k = 55 W/mK. 
Assume ambient temperature 25°C. 

UNIT II 

13) (a) Explain the significance of Prandtl and Nusselt number. (4) 

(b) Air at 27°C and 1 atmospheric pressure flows over a flat plate at a speed of 2 
m/s. Calculate the heat transfer coefficient in at the first 0.4 m of length of plate 
by assuming unit depth in z-direction. The plate is heated over its entire length 
to a temperature of 60°C. (7) 

[or] 

14) Discuss the various regions of flow boiling inside a tube. 


UNIT III 

15) Two large parallel plates with emissivities 0.6 and 0.8 are at 1000 K and 500 
K respectively Determine the percentage reduction in heat transfer by placing a 
shield of reflectivity 0 9 between the plates Also find the shield temperature. 

[or] 

16) (a) Explain the significance of safe factor (5) 

(b) State and prove the Reciprocai theorem of radiation. (6) 

UNIT IV 

17) Derive the LMTD formula for parallel flow heat exchanger. 

[or] 

18) A one Shell two tube pass steam condenser consists of 3000 brass tubes of 
20mm diameter. Cooling water enters the tube at 20°C with mass flow rate of 
3000 kg/s. The heat transfer coefficient for condensation on the outer surfaces is 
15,500 W/imK. If the heat load of the condenser is 2.3 x 10s W, when the steam 
condenses at 50°C. Determine 

a) Outlet temperature of cooling water 

b) Overall heat transfer coefficient 

c) Tube length per pass using NTU method. 

UNIT V 

19) (a) Explain the concept of equimolar counter diffusion. (3) 

(b) Hydrogen and oxygen are in equimolar counter diffusion. The total pressure 
is 1 atm and the temperature is 20°C, Dab = 0.41 im/s. Partial Pressures at the 
two planes perpendicular to the direction of diffusion and 
95 cm apart are 120 mm and 40 mm of mercury. Calculate the rate of diffusion 
of mixture in kg-mole/ im/hr. (8) 

[or] 

20) Estimate the diffusion rate of water at 27°C from the bottom of a test tube of 
20 mm in diameter and 4 cm long into diy air at 27°C. Take the diffusion 
coefficient of water in air as 0.26 x 10-4 im/s. 
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B.Tech. DEGREE EXAMINATION, APRIL/MAY 2014 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1) State the Fourier law of conduction. 

2) Define the term "Thermal Conductivity". 

3) What is meant by "Free convection"? Explain 

4) What is meant by "Dropwise condensation"? 

5) What is a "black body"? Explain. 

6) Define "Emissivity" of a grey body. 

7) Differentiate clearly between a counter flow heat exchanger and a parallel 
flow heat exchanger. 

8) What is meant by Log Mean Temperature difference (LMTD)? 

9) State the "Fick's law of Diffusion". 

10) What is Mass transfer by convecüon? Explain. 

PART B - (5 x 11 = 55 marks) 

UNITI 

11) A furnace wall is made up of three layers, one of fire brick, one of insulating 
brick and one of red brick. The inner and outer surfaces are at 870° C and 40° C 
respectively. The respective co-efficient of normal conductivities of the layers 
are 1.0. 0.12 and 0.75 W/m. K and the thickness are 22 cm, 7.5 cm and 11 cm. 
Assuming close bonding of the layer at their interfaces, find the rate of heat losÈ 
per sq. meter per hour and their interface temperature. 

[or] 

12) Explain briefly the Electrical analogy for solving the conduction heat 
transfer problems. 

UNIT II 

13) One hundred tubes of 12 mm in diameter are arranged in a square array and 
are exposed to steam at atmospheric pressure. Calculate the mass of steam 
condensed per unit length of tube if the tube wall temperature is maintained at 
98o C. Take the properties of water film from the following: 

= 900kg/m3, = 282 x 10-6 kg/ms, k = 0.61 W/mK, hfg = 2255 kJ/kg, 

Ts = 100oC. 

[or] 

14) Air at 27°C at atmospheric pressure flows over a flat plate at a speed of 2m / 
sec. If the plate is maintained at 93°C. Calculate the heat transfer per unit width 


of the plate assuming the length of the plate along the flow of air is 2 meters. 

The properties of air at mean temperature of 60° C are: = 1.06 kg / iro, Cp = 
1008 J /kg-k, k = 0.0285 W/ m.K, = 20.03 x 10-6 kg/m- sec, v = 18.90 x 10-6 
im/sec. 

UNIT III 

15) A hot water radiator of overall dimensions 2 x 1 x 0.2 m is used to heat a 
room at 18° C. The surface temperature of the radiator is 60oC and its surface is 
black. The actual surface area of the radiator is 2.5 times the area of the 
envelope for convection and the convection heat transfer for coefficient is given 
by hc = 1.3(9)u3W/m2K. Calculate the rate of heat loss from the radiation by 
convection and radiation. 

[or] 

16) (a) Explain Grey Body and emissive power of Grey body in detail. (6) 

(b) Explain the following laws of radiation. (Any 2) 

Planck law of radiation. 

Stefan Boltzmann law. 

Kirchoffs law of radiation. (5) 

UNIT IV 

17) Find the length of the tube required for the following heat transfer where air 
is heated by exhaust gases : Q (heat transfer) = 8000 watts. Inside diameter (di) 
and outside diameter (do) of tubes are 5 cm and 6 cm respectively, (hi) Inside 
heat transfer coefficient = 100 W/m 2 k. ho (outside heat transfer coefficient, gas 
side) = 160 W/im k. Tw= 35°c; Tho = 150°C; Td= 50° C; Tco = 100° C. Neglect 
the tube resistance and assume flow arrangement is parallel. 

[or] 

18) Steam is being condensed on a series of tubes through which cold water is 
flowing. Each tube is 25 mm in diameter and overall heat transfer coefficient 
based on outside area is 200 W / rm - k. Water in each tube flows at a rate of 200 
kg / hr and entering temperature of 15° C and leaving temperature of 80° C. If 
the steam is condensing at 100° C. Find the steam condensed on each tube per 
how and the length of the tube. Use NTU method. 



B.Tech. DEGREE EXAMINATION, NOVEMBER 2014 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1) What is conduction? 

2) Define thermal conductivity. 

3) Define convection. 

4) Define Nusselt Number (Nu). 

5) State kirchoffs law of radiation. 

6) What is meant by shape factor? 

7) What is meant by parallel flow heat exchanger? 

8) What is meant by effectiveness? 

9) State Fick's law of diffusion. 

10) Give two examples of convective mass transfer. 

PART B - (5 x 11 = 55 marks) 

UNITI 

11) Derive the general heat conduction equation for a hollow cylinder. 

[or] 

12) A 10 cm diameter apple approximately spherical in shape is taken from a 
20°C environment and placed in a refrigerator where temperature is 5°C and 
average heat transfer coefficient is 6 W/imK. Calculate the temperature at the 
centre of the apple after a period of 1 hour. The physical properties of apple are 
density = 998Kg/m3, specific heat = 4180 J/Kgk, Thermal conductivity = 0.6 
W/mK. 

UNIT II 

13) Air at 30°C, 0.2m/s flow across a 120W electric bulb at 130°C. Find heat 
transfer and power lost due to convection if bulb diameter is 70mm. 

[or] 

14) Briefly explain the following: 

a) Pool boiling. 

b) Nucleate boiling. 

c) Film boiling. 


Wavelength of maximum monochromatic emissive power, (d) Intensity of 
radiation along a direction 60°C to the normal. 

[or] 

16) Two large parallel plates are maintained at a temperature of 600 K and 900 
K and emissivities of 0.4 and 0.7 respectively. Determine heat transfer by 
radiation and also calculate percentage of reduction in heat transfer and shield 
temperature when another plate of emissivity 0.05 introduced in between them. 

UNIT IV 

17) In a parallel flow heat exchanger, hot water is cooled from 80°C to 40°C by 
cold water entering at 20°C. The mass flow rate of hot water is 0.2 Kg/s and the 
mass flow rate of cold water is 0.5 Kg/s. If the individual heat transfer co¬ 
efficient on both sides are 600W/m2K. Find the area of heat exchanger. 

[or] 

18) In a counter flow heat exchanger, water at 20°C flowing at the rate of 1200 
Kg/hr. It is heated by oil of specific heat 2100 J/kgK flowing at the rate of 520 
Kg/hr at the inlet temperature of 95°C Determine (a) Total heat transfer (b) 
Outlet Temperature of water (c) Outlet temperature of oil. 

UNIT V 

19) Helium diffuses through a plane membrane of 2 mm thick. At the inside the 
concentration of helium is 0.025 Kg.mole/im. At the outer side concentration of 
helium is 0.007 Kg.mole/m3. What is diffusion flux of helium through the 
membrane? Assume diffusion coefficient of helium with respect to plastic is 
1x10-9 rm/s. 

[or] 

20) Dry air at 30°C and one atmospheric pressure flows over a flat plate of 600 
mm long at a velocity of 55 m/s. Calculate the mass transfer coefficient at the 
end of the plate. 


UNIT III 

15) A black body of 1200 cm 2 emits radiation at 1000K. Calculate the following 
(a) Total rate of energy emission (b) Intensity of normal radiation, (c) 



B.Tech. DEGREE EXAMINATION, APRIL/MAY 2015 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1) Define Fourier's law of conduction. 

2) What is lumped system analysis? When is it used? 

3) Define the term thermal boundaiy layer. 

4) Why heat transfer coefficient for natural convection is much lesser 
than that for forced convection. 

5) Distinguish the pool boiling from forced convection boiling. 

6) Define emissivity. 

7) Define LMTD of a heat exchanger. 

8) What is a compact heat exchanger? 

9) What is Schmidt number? 

10) State Fick's law of diffusion. 

PART - (5 x 11 = 55 marks) 

UNITI 

11) (a) Derive the general heat conduction equation in Cartesian cov, 
ordinates. (7) 

(b) Explain the mechanism of heat conduction in solids and gases. (4) 

[or] 

12) Aluminum fins, 1.5 cm long and 1 mm thick are placed on a 2.5 
cm diameter tube to dissipate heat. The tube surface temperature is 
100°C and the ambient temperature is 25°C. Find the heat loss per fin 
if the heat transfer coefficient between the fin surface and the 
ambient is 65 W/imK. Thermal conductivity for the al uminum 200 
W/m K. (11) 

UNIT II 

13) (a) Find the convective heat loss from a radiator 0.6 m wide and 
1.2 m high maintained at a temperature of 90° C in a room at 14° C. 
Consider the radiator as a vertical plate. (7) 

(b) Define velocity boundary layer and thermal boundary layer. (4) 

[or] 

14) (a) Explain the various regions of flow boiling in detail. (7) 

(b) Explain nucleate boiling. (4) 


UNIT III 

15) A truncated cone has top and bottom diameters of 10 cm and 20 
cm and a height of 10 cm, Calculate the shape factor between the top 
surface and the side and also the shape factor between the side and 
itself. (11) 

[or] 

16) A pipe carrying steam having an outside diameter of 20 cm runs 
in a large room and is expose to air at a temperature of 30°C. The 
pipe surface temperature is 400°C. Calculate the loss of heat to 
surroundings per meter length of pipe due to thermal radiation. The 
emissivity of pipe surface is 0.8. (11) 

UNIT IV 

17) (a) Explain fouling in heat exchangers. (6) 

(b) Classify and compare various types of heat exchangers. (5) 
Çyp [or] 

j.8 ) The flow rates of hot and. cold water streams running through a 
parallel flow heat exchanger are 0.2 kg/s and 0.5 kg/s respectively. 
The inlet temperatures on the hot and cold sides are 75°C and 25 °c 
respectively. The exit temperature of hot water is 45°C. If the 
individual heat transfer coefficients on both sides 650 W/m°C. 
Calculate the area of the heat exchanger. (11) 

UNIT V 

19) (a) Discuss the similarity between Phenomena of heat and mass 
transfer. (5) 

(b) Discuss diffusive and connective mass transfer. (6) 

[or] 

20) Estimate the diffusion rate of water from the bottom of a test tube 
10 mm in diameter and 15 cm long into dry atmospheric air at 25° C. 
Take the diffusion coefficient of water through air as 0.255 x 10-4 
im/s. (11) 

************ 



[or] 


B.Tech. DEGREE EXAMINATION, NOVEMBER 2015 

(FROM 2009-2012 BATCH) 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

PART-A 

1. Define steady State heat conduction. 

2. What is effective thermal conductivity. 

3. Differentiate between free and forced convection process. 

4. What is meant by nucleate boiling. 

5. State “Stefan BoltzmanLaw 

6. What is radiation shields? State their names. 

7. Sketch a four tube pass and two shell pass heat exchanger. 

8. What is meant by effectiveness of a heat exchanger. 

9. Define Fourier number 

10. What is the significance of Lewis number. 

PART - (5 x 11 = 55 marks) 

UNITI 

11) What is meant by one dimensional heat conduction? Also stat^* 
the difference between steady State and transient State heat 
conduction. 

[or] 

12) The thermal conductivity of a material varies linearly with 
temperature: derive the on-dimensional, steady State heat-conduction 
equation with internai heat generation by writing the energy balance 
for a differential volume element in spherical coordinate system 

UNIT II 

13) Brief in detail about velocity boundary layer development on a 
flat plate and thermal boundary layer on an isothermal flat plate. 


14) The bottom of a copper pan 0.32m in diameter is maintained at 
120 ° c by an electric heater. Estimate the power required to boil water 
in this pan. What is the evaporation rate? Also estimate the criticai 
heat flux. 

UNIT III 

15) Brief about intensity of radiation. 

[or] 

16) A pipe canying steam having an outside diameter of 20cm runs 
in a latge room and is exposed to air at a temperature of 30 ° c . The 
pipe surface temperature is 420 , calculate the loss of heat to 
surroundings per meter length of pipe due to thermal radiation. The 
emissivity of the pipe surface is 0.8. What would be the loss of heat 
due to radiation if the pipe is enclosed in a 40cm diameter brick 
conduit of emissivity 0.91. 

UNIT IV 

17) Brief about parallel flow heat exchanger and counter flow heat 
exchanger. Using simple sketch explain about their temperature 
distribution. 

[or] 

18) Water enters a cross flow heat exchanger(both the fluids are 
unmixed) at 10 ° c and flows at the rate of 4600 kg/h to cool 4000 kg/h 
of air that is initially at 42 . Assume the U value to be 150 W/m 2 K. 
For an exchanger surface area of 28 m 2 , calculate the exit temperature 
of water and air. The specific heat of water is 4180J/kg K and air is 
1010 J/kg K. 



UNIT V 

19) Derive the species conservation equation in terms of molar units. 

[or] 

20) The dry bulb and wet bulb temperature recorded by a 
thermometer in moist air 26 ° c and 17 ° c respectively. Determine the 
specific humidity of air by assuming the following values. 


Pr = 0.74, Sc = 0.6, C p = 1.004 KJ/Kg K. 



B.Tech. DEGREE EXAMINATION, NOVEMBER 2015 
(FROM 2013-2014 BATCH ONWARDS) 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1. State Fourieris law of conduction. 

2. Define criticai thickness of insulation with its significance. 

3. Define Nusselt number (Nu). 

4. Define boundary layer thickness. 

5. State Planck’s distribution. 

6. What is black body and gray body. 

7. What is heat exchanger. 

8. What is meant by LMTD. 

9. List out the various modes of mass transfer. 

10. State Fick’s law of diffusion. 

PART - (5 x 11 = 55 marks) 

UNITI 

11) A Steel tube (k = 43.26 W/m K) of 5.08 cm inner diameter and 
7.62 cm outer diameter is covered with 2.5 cm layer of insulation 
(k=0.208 W/m K) the inside surface of the tube receives heat fromf* 
hot gas at the temperature of 316°C with heat transfer coefficient of 
28 W/m 2 K, while the outer surface exposed to the ambient air at 
30°C with heat transfer co-efficient of 17W/m 2 K. Calculate heat 
loss for 3 m length of the tube. 

[or] 

12) An Aluminium alloy fin of 7 mm thick and 50 m m long protrudes 
from a wall, which is maintained at 120°C. the ambient air 
temperature is 22°C. the heat transfer coefficient and conductivity of 
the fin material are 140W/m 2 K and 55W/m 2 K respectively. 
Determine 

(a) Temperature at the end of the fin 

(b) Temperature at the middle of the fin 

(c) Total heat dissipated by the fin. 


UNIT II 

13) In a surface condenser, water flows through staggered tubes while 
the air is passed in cross flow over tubes. The temperature and 
velocity of air are 30°C and 8 m/s respectively. The longitudinal and 
transverse pitches are 22mm and 20mm respectively. The tube 
outside diameter is 18 mm and tube surface temperature is 90°C. 
Calculate the heat transfer coefficient. 

[or] 

14) (a) A metal plate 0.609 m high forms the vertical wall of an oven 
and is at a temperature of 161°C. Within the oven, air at a 
temperature of 93°C and one atmosphere. Assuming that natural 
convention conditions hold near the plate. Estimate the mean heat 
transfer coefficient and rate of heat transfer per unit width of the 
plate. 

(b) A 10 mm diameter spherical Steel bali at 260°C is immersed 
in air at 90°C. Estimate the rate of convective heat loss. 

UNIT III 

15) A Calculate the following for an industrial furnace in the form of 
a black body and emitting radiation at 2500°C.(a) Monochromatic 
emission power at 1.2pm length. (b) Wave length at which the 
emission is maximum. (c) Maximum emissive power. (d) Total 
emissive power, and (e) Total emissive power of the furnace if it is 
assumed as a real surface with emissivity equal to 0.9. 



[or] 


16) A 12mm outside diameter pipe carries a cryogenic fluid at 90 K. 
Another pipe of 15mm outside diameter and at 290 K surrounds it 
coaxially and the space between the pipes is completely evacuated (a) 
determine the radiant heat flow for 3.5m length of pipe if the surface 
emissivity for both surface is 0.25 (b) Calculate the percentage 
reduction in heat flow if a shield of 13.5mm diameter and 0.06 
surface emissivity is placed between pipes. 

UNIT IV 

17) Derive an expression for LMTD in parallel flow and counter flow 
heat exchangers. 

[or] 

18) The outside surface of a vertical tube which is lm long and has 
an outer diameter of 80mm is exposed to saturated steam at 
atmospheric pressure and is maintained at 50°C by the flow of cool 
water through the tube. What is the rate of heat transfer to coolant 
and what is the rate at which steam is condensed at the surface? 

UNIT V 

19) A vessel contains a binary mixture of oxygen and nitrogen with 
partial pressure in the ratio 0.21 and 0.79 at 15°C. The total pressure 
of the following mixture is l.lbar. Calculate the following. (a) Molar 
concentration (b) Mass densities (c) Mass fractions (d) Molar 
fractions of each species. 


[or] 

20) Air is contained in a tyre tube of surface area 0.5 m 2 and wall 
thickness lOmm. The pressure of air drops from 2.2 bar to 2.18 bar in 
a period of 6 days. The solubility of air in the rubber is 0.72m 3 of air 
per m 3 of rubber at 1 bar. Determine the diffusivity of air in rubber at 
the operating temperature of 300 K, if the volume of air in the tube is 
0.028m 3 . 





B.Tech. DEGREE EXAMINATION, NOVEMBER 2016 

(FROM 2009-2012 BATCH) 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1. Define the term thermal diffusivity. 

2. What are the uses of Heisler’s charts? 

3. What are the significance of Prandtl number? 

4. How to define the Reynold’s number in condensation? What is its 
criticai value? 

5. State the kirchoffs law of radiation. 

6. What are the factors affecting the emission of radiation? 

7. Draw the temperature variation profile for parallel flow and 
counter flow heat exchangers. 

8. What do you understand about the effectiveness of heat 
exchanger? 

9. What is the physical significance of Schmidt number? 

10. What are the limitations of Fick’s law? 

PART - (5 x 11 = 55 marks) 

UNITI 

11 ) A boiler furnace has the effectiveness dimensions 4m by 3m by 
3m high. The walls are constructed from an inner firebrick wall 25 
cm thick (k = 0.4 W/mK), a layer of ceramic blanket insulation (k = 
0.2 W/mK) 8cm thick and a Steel protective layer (k = 54 W/mK) 
2mm thick. The inside temperature of the firebrick layer was 
measured as 600°C and the temperature of the outside of insulation as 
60°C. Determine the rate of heat loss through the vertical walls of the 
furnace. Also calculate the temperature drop across the Steel layer. 

[or] 

12) Determine the thermal conductivity of long metal rod of diameter 


of 3.2cm, its one end is kept at a hot source with large portion of it 
projecting into the room, where temperature is maintained at 25°C 
after steady State attains, the temperature between the two points, 
15cm apart are found to be 175°C and 120°C respectively. The 
convective heat transfer coefficient between the metal rod ant the 
atmospheric air is 30 W/mk 2 . Determine the thermal conductivity of 
the rod material. 

UNIT II 

13) Water enters into a tube of 60mm diameter at 20°C and leaves at 
80°C. If the tube receives heat at a rate of 2000 W/m 2 at the surface, 
determine the surface temperature at the outlet of the tube ant the 
length of the tube for a flow rate of 0.01 kg/s. 

[or] 

14) (a) Differentiate between the Filmwise and Dropwise 
condensation. 

(b) Explain the various regimes of boiling. 

UNIT III 

15) (a) What is Stefan-Boltzmann’s law? Explain the concept of total 
emissive power of a surface. 

(b) Describe the concept of black body. 

[or] 

16) Two parallel discs of diameter lcm (thickness negligible) which 
are separated by a distance of 0.7cm, located in a large room. The 
room walls are maintained at a temperature of 310K. One disc is 
maintained at a temperature of 1200K and the other one at 600K, the 
emissivities of the plates are 0.25 and 0.5 respectively. If the plates 



exchange heat between themselves and surroundings, find the net 
heat transfer to each disc and the room. Assume only the disc 
surfaces facing each other. 

UNIT IV 

17) A heat exchangeris required to cool 55000 kg/hr of an oil from 
120°C to 60°C using 40000 kg/hr of water at 25°C. Calculate the 
surface area of heat exchanger required for parallel flow and counter 
flow mode. Take U = 600 W/m 2 K, Cp w = 4186 kJ/kgK and Cp oi i= 

5200 kJ/kgK. 

[or] 

18) In a Chemical processing plant water at the rate of 13260 kg/h is 
heated from 38°C to 55°C in tubes with 6810 kg/hot water (on the 
shell side) entering the exchanger at 94°C. The average velocity of 
water in the tubes is 36.6 cm/s, tube diameter is 1.9 cm and the 
overall heat transfer coefficient is 1420 W/m 2 K. If the floor space 
available cannot accommodate tube longer than 2.44m, calculate the 
number of tube passes, number of tubes per pass and the length of the 
tubes. 

UNIT V 

19) (a) Briefly describe the various modes of mass transfer. 


(b) List out the applications of mass transfer. 


[or] 

20) Calculate the rate of diffusion of water vapour from a pool of 
water at the bottom of a well which is 6m deep and 2.5m diameter to 
dry ambient air o ver the top of the well. The entire system may be 
assumed at 30°C and one atmospheric pressure. The diffusion 
coefficient is 2.5 x 10' 5 m 2 /s. 



B.Tech. DEGREE EXAMINATION, NOVEMBER 2016 
(FROM 2013-2014 BATCH ONWARDS) 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1. State Fourier’s law of heat conduction. 

2. Write the difference between fin efficiency and fin effectiveness. 

3. How does laminar flow differ from turbulent flow. 

4. Write about criticai heat flux. 

5. State Kirchoffs law of radiation. 

6. What is grey body. 

7. What is log mean temperature difference. 

8. What are the parameters affecting the fouling. 

9. What do you mean by mass transfer. 

10. Define the term molecular diffusion. 

PART - (5 x 11 = 55 marks) 

UNITI 

11) Calculate the rate of heat loss for a red brick wall of length 5m, 
height 4m and thickness 0.25m. The temperature of the inner surface 
is 120 and that of the outer surface is 40 ° c . The thermal 
conductivity of red brick, k = 0.70 W/m K. Also calculate the 
temperature at an interior point of the wall 0.20 m distant from the 
inner wall. 

[or] 

12) (a) Write a note on different fin profiles. 

(b) An Ahi mini n m alloy fin of 5mm thick and 40mm long protrudes 
from a wall. The base temperature is 420 ° c and ambient air 
temperature is 25 . The heat transfer coefficient between aluminum 
rod and environment is 25 W/m 2 K. Calculate the heat loss from the 
fin of material taking its thermal conductivity as 200 W/m K. 


UNIT II 

13) (a) Discuss briefly the development of velocity boundary layer 
for flow through a pipe. 

(b) Air at 30 ° c flows over a flat plate at a velocity of 2m/s. The 
plate is 2m long and 1.5m wide. Calculate the 

(i) Hydro dynamic and thermal boundary layer thickness at 
the trailing edge of the plate 

(ii) Total drag force 

[or] 

14) Water is to be boiled at atmospheric pressure in a mechanically 
polished stainless Steel pan placed on the top of a hating unit. The 
inner surface of the bottom of the pan is maintained at 108 . The 
diameter of the bottom of the pan is 0.30m. Assuming C SF = 0.0130, 
Calculate the following: 

(a) The rate of heat transfer to the water 

(b) The rate of evaporation of water. 

UNIT III 

15) Find the relative heat transfer between two large planes at 
temperature 1000K and 500K when they are 

(a) Black bodies 

(b) Grey bodies with emissivities of each surface is 0.7 



[or] 


16) Emissivities of two large parallel plates maintained at 800 ° c and 
300 are 0.3 and 0.5 respectively. Find the net radiant heat 
exchanger per square metre of the plates, if a polished aluminium 
shield (£ = 0.05) is placed between them. Find also the percentage of 
reduction in heat transfer. 

UNIT IV 

17) In a counter flow, single pass heat exchanger is used to cool the 
engine oil from 150 ° c to 55 ° c with water, available at 23 as the 
cooling médium. The specific heat of oil is 2125J/Kg K. The flow 
rate of cooling water through the inner tube of 0.4m diameter is 2.2 
Kg/s. The flow rate of oil through the outer tube of 0.75m diameter 
is 2.4 Kg/s. If the value of the overall heat transfer coefficient is 
240W/m 2 K, how long must the heat exchanger be to meet its cooling, 
requirement? 

[or] 

18) Water enters a cross flow heat exchanger (both fluids unmixed) at 
5 0(: and flows at the rate of 4600 kg/ hr to cool 4000 kg/hr of air that 
is initially at 40 ° c . Assume the U value to be 150 W/m 2 K, for an 
exchanger surface area of 25 m 2 , calculate the exit temperature of air 
and water.(Use NTU method) 

UNIT V 

19) Air at 10 ° c with a velocity of 3m/s flows over a flat plate. If the 
plate is 0.3m long, calculate the mass transfer co-efficient. 


[or] 

20) Air at latm, 25 containing small quantities of Iodine flows with 
velocity of 5.18m/s inside a 3.048 cm diameter tube. Determine the 
mass transfer coefficient for Iodine transfer from the gas stream to 
the wall surface if C m is the mean concentrate of Iodine in Kg mol /m 3 
in the air stream. Determine the rate of deposition of Iodine on the 
tube surface where the Iodine concentration is Zero. 





B.Tech. DEGREE EXAMINATION, APRIL/MAY 2017 

(FROM 2009-2012 BATCH) 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1. Give the mechanism of heat conduction 

2. Define thermal conductivity of a material 

3. What is forced convection 

4. Define thermal resistance 

5. Define emissive power 

6. What is known as radiation shape factor 

7. What is heat exchanger 

8. Define number of transfer unit 

9. When will the diffusion mass transfer occurs 

10. Give two example of mass transfer 

PART - (5 x 11 = 55 marks) 

UNIT I 

11) A wall of 0.6 m thickness having thermal conductivity of 
1.2W/mk. the wall is to be insulated with a material having an 
average thermal conductivity of 0.3 W/mk. inner and outer surface 
temperature is 1000 and 10 ° c respectively. If the heat transfer rate 
is 1400W/m 2 . Calculate the thickness of insulation. . 

[or] 

12) A long rod of 5cm diameter, its base is connected to a fumace 
wall at 150°C while the end is projection into a room at 20°C. The 
temperature of the rod at a distance of 20cm distance from its base is 
60°C. the conductivity of the material is 200W/mk. Determine the 
convective heat transfer co-efficient 


UNIT II 

13) Air at 25°C flows over a flat plate at a speed of 5m/s and heated 
to 135°C. The plate is 3m long and 1.5m wide. Calculate the local 
heat transfer coefficient at x=0.5m and the heat transferred in the first 
0.5m of the plate. 

[or] 

14) A large vertical plate 5m height is maintained at 100°C and 
exposed to air at 30°C, calculate the convective heat transfer co¬ 
efficient. 

UNIT III 

15) Two larger parallel plates are maintained at a temperature of 
900K and 500K respectively. Each plate has an area of 6m 2 . 

Compare the net heat exchange between the plates for the following 
cases : (a) both plate are black (b) plate have an emissivity of 0.5 

[or] 

16) Two black square plate of size 1*1 m are placed parallel to each 
other at a distance of 0.4m. One plate is maintained at a temperature 
of 900 ° c and the other at 400 ° c . Find the next heat exchanger of 
energy due to radiation between the two plates 

UNIT IV 

17) In a counter flow double pipe heat exchanger water heated from 
25 to 65 ° c by oil with a specific heat of 1.45 KJ/KgK and mass 
flow rate is 0.9Kg/s the oil is cooled from 230 ° c to 160 if the 
overall heat transfer co-efficient is 420 W/m ° c , calculate the 
following : (a) the rate of heat transfer, (b)the mass flow rate of 
water (c) the surface area of the heat exchanger 



[or] 

18) It is designed to use double pipe counter flow heat exchanger to 
cool 3Kg/s of oil (Cp = 2.1 KJ/KgK) from 120 ° c . cooling water at 2 
20 ° c enter the heat exchanger at a rate of 10Kg/s. the overall heat 
transfer coefficient of the heat exchanger is 600W/m 2 k and the heat 
transfer area is 6m 2 . Calculate the exit temperature of oil and water . 


UNIT V 

19) Helium diffuses through a plate membrane of 2mm thick. At the 
inner side the concentration of helium is 0.025Kgmole/m 3 .at the 
outer side the concentration of helium is 0.007Kgmole/m 3 .What is 
the diffusion flux of helium through the membrane? Assume 
diffusion coefficient of helium with respect to plastic is 1*10 +9 m 2 /s 

[or] 

20) C02And air experience equimolar counter diffusion in a circular 
tube whose length and diameter are 1.2m and 60mm respectively. 
The System is at a total pressure of 1 atm and a temperature of 273K. 
The end of the tube is connected to large chamber. partial pressure of 
C02 at one end is 200mm of Hg. Calculate the following (a) Mass 
transfer rate of CO (b)mass transfer rate of air 



B.Tech. DEGREE EXAMINATION, APRIL/MAY 2017 
(FROM 2013-2014 BATCH ONWARDS) 

HEAT AND MASS TRANSFER 
PART A - (10 x 2 = 20 marks) 

1) Define heat flux. 

2) What is coefficient of Thermal conductivity? 

3) Sketch boundary layer development in a circular pipe. 

4) Define criticai heat flux. 

5) What is Intensity of radiation? 

6) Define shape factor. 

7) Write the advantage of NTU method over the LMTD method. 

8) What is effectiveness of a heat exchanger? 

9) Give some examples of diffusion mass transfer? 

10) What is convective mass transfer? 

PART - (5 x 11 = 55 marks) 

UNITI 

11) A long rod is exposed to air at 298°C. It is heated at one end. At 
steady State conditions, the temperature at two points along the rod 
separated by 120mm are found to be 130°C and 110°C respectively. 
The diameter of the rod is 25mm OD and its thermal conductivity 
isll6 W/m°C. calculate the heat transfer coefficient at the surface of 
the rod and also the heat transfer rate. 

[or] 

12) a composite wall consists of lOcm thick layer of building brick, 
k=0.7 W/mK. An insulating material of k=0.08 W/mK is to be added 
to reduce the heat transfer through the wall by 40%. Find its 
thickness. 


UNIT II 

13) Air at 25°C flows over lm x 3m(3m long)horizontal plate 
maintained at 200°C at 10m/s. calculate the average heat transfer 
coefficients for both laminar and turbulent regions. take 
Re(criücal=3.5xl0 5 ). 

[or] 

14) A steam pipe 10 cm OD runs horizontally in a room at 23°C. take 
outside temperature of pipe as 165°C. determine the heat loss per unit 
length of the pipe. pipe surface temperature reduces to 80°C with 
1.5cm insulation. what is the radiation in heat loss? 

UNIT III 

15) Describe the phenomenon of radiation from real surfaces. 

[or] 

16) Explain briefly the following : 

(a) reflectivity and transmissivity 

(b) reciprocity rule and summation rule. 

UNIT IV 

17) It is desired to use a double pipe counter flow heat exchanger to 
cool 3 kg/s of oil (C p =2.1 kJ/kgK) from 120°C. Cooling water at 20°C 
enters the heat exchanger at a rate of 10 kg/s. The overall heat 
transfer coefficient of the heat exchanger is 600 W/m 2 K and the heat 
transfer area is 6 m 2 . Calculate the exit temperatures of oil and water. 



[or] 

18) Define effectiveness of a heat exchanger. Derive an expression 
for the effectiveness of a double pipe parallel flow heat exchanger. 
State the assumptions made. 


UNIT V 

19) (a) Define mass concentration, molar concentration, mass fraction 
and mole fraction 

(b)The diffusivity of CCL, in air is determined by observing the 
steady State evaporation of CCl 4 in a tubeof 1 cm diameter exposed to 
air. theCCLtliquid levei is lOcm below the top levei of the tube. the 
system is held 25°C and 1 bar pressure. the saturation pressure of 
CCL, at 25°C is 14.76 kPa. If it is observed that the rate of evaporation 
of CCL,is 0.1 kg/hour determine the diffusivity of CCljnto air. 

[or] 

20) (a) What are the assumption made in the T-D transient mass 

diffusion problems? 4 . Oj 

(b) Define the non dimensional numbers in mass transfer. 





2 marks 


1. State Fouriei^s law of conduction. 

The rate of heat conduction is proportional to the area measured normal to the 
direction of heat flow and to the temperature gradient in that direction. 


Qa- 


4 


dT 

dx 



Where, A- Area in m 2 


dT 

- Temperatur egradient , K / m 

dx 

k — Thermalcon ductivity , W / mK 

2.What is conduction? 

Heat conduction is a mechanism of heat transfer from a region of high 
temperature to a region of low temperature within a médium (solid, liquid or gases) 
or different médium in direct physical contact. 

In conduction, energy exchange takes place by the kinematic motion or direct impact of 
molecules. Pure conduction is found only in solids 




Addition of insulating material on a surface does not reduce the amount of heat 
transfer rate always. Infect under certain of circum stance it actually increases the 




2 marks 


heat loss up to certain thickness of insulation. The radius of insulation for which the 
heat transfer is maximum is called criticai radius of insulation, and the 
corresponding thickness is called criticai thickness. 


4.State the applications of fins. 

The main application of fins is 

1. Cooling of electronic components 

2. Cooling of motor cycle engines. 

3. Cooling of transformers 

4. Cooling of small capacity compressors 




O 
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5.Define Fin efficiency. 

The efficiency of a fin is defined as the ratio of actual heat transferred to 
the maximum possible heat transferred by the fin 


7* n =■ 


Qfin 
Q max 


õ.What are the types of heat exchangers? 


The types of heat exchanç er, are as follows 

1. Direct contact heat exchangers 

2. Indirect contact heat exchangers 

3. Surface heat exchangers 

4. Parallel flow heat exchangers 

5. Counter flow heat exchangers 

6. Cross flow heat exchangers 

7. Shell and tube heat exchangers 

8. Compact heat exchangers 



2 marks 


7.What is meant by LMTD? 

We know that the temperature difference between the hot and cold fluids in the 
heat exchanger varies from point to point. In addition various modes of heat transfer 
are involved. Therefore based on concept of appropriate mean temperature 
difference, also called logarithmic mean temperature difference, the total heat 
transfer rate in the heat exchanger is expressed as 

Q =UA (A T) m 


Where 


8.What is meant by Effectiveness? 


U = Overall heat transfer co-efficient, W/m 2 K 

mperati 


A = Area, m 

(A T) m = Logarithmic mean temperature difference 


The heat exchanger effectiveness is defined as the ratio of actual heat transfer 
to the maximum possible heat transfer 


Effectiven ess e= 

^ max 


Actualheat transfer 


Maximumpos sibteheatr ransfer 


9. PARALLEL FLOW 

In this type of heat exchanger, hot and cold fluids move in the same direction. 

10. COUNTER FLOW 

In this type of heat exchanger, hot and cold fluids move in parallel but opposite 
directions. 



2 marks 


11 .Sketch the temperature variations in parallel flow and counter flow heat exchangers. 


Thl 



ineratnrp 


Area 


Temp*.~wure distribution - Counter flow 


12.What is meant by Recuperators (or) Surface heat exchangers? 

This is the most common type of heat exchangers in which the hot and cold fluid 
do not come into direct contact with each other but are separated by a tube wall or a 
surface. 

Examples: Automobile radiators, Air preheaters, Economisers etc. 


13.What is meant by Shell and tube heat exchanger? 



2 marks 


In this type of heat exchanger, one of the fluids move through a bundle of tubes 
enclosed by a shell. The other fluid is forced through the shell and it moves over the 
outside surface of the tubes. 


14.What is meant by indirect contact heat exchanger? 

In this type of heat exchangers, the transfer of heat between two fluids 
could be carried out by transmission through a wall which separates the two fluids 


15.What are the factors affecting the thermal conductivity? 

1. Moisture 

2. Density of material 

3. Pressure 

4. Temperature 

5. Structure of material. 




h 


1 ô.What are the factors affecting the the r ma. conductivity? 

1. Moisture 




c uicmiak 


2. Density of material 

3. Pressure 

4. Temperature 

5. Structure of material. 

17.What is meant by Transient heat conduction or unsteady State conduction? 

If the temperature of a body varies with time, it is said to be in a transient 
State and that type of conduction is known as transient heat conduction or unsteady 
State conduction 

18.State Newton's law of cooling or convection law. 

Heat transfer by convection is given by Newton's law of cooling 


0 =hA(T s -T a ) 

WhereA - Area exposed to heat transfer in m 2 



2 marks 


h - heat transfer coefficient in W/m 2 K 
T s - Temperature of the surface in K 
T oo- Temperature of the fluid in K 

19. Define convection. 

Convection is a process of heat transfer that will occur between a solid surface 
and a fluid médium when they are at different temperatures. Convection is possible 
only in the presence of fluid médium. 

20. Define radiation. 


The heat transfer from one body to another without any transmitting médium is known 
as radiation. It is an electromagnetic wave phenomenon 

^(7i 


O 


i. 


The wall of a cold room is composed of three layer. The o 'ter layer is brick 30 cm thick. The 
middle layer is cork 20 cm thick, the inside layer is cement 5 cm thick. Temperatures of the 
outside air is 25°C and on the inside air is - 20° C. The film co-efficient for outside air and brick is 
55.4 W / m 2 K. Film co-efficient for inside air and cement is 17 W/m 2 K. Find heat flow rate. Take 
kl =2.5 watts/m. k,k2=0.05watts/m.k,k3=0.28watts/m.k. 


2. An aluminum alloy fin of 7 mm thick and 50 mm long protrudes from a wall, which is maintained 
at 120°C. The heat transfer coefficient and conductivity of the fin material are 140W/m2K and 55 
W/mK respectively. Determine 

1. Temperature 1 1 th endofthefin. 

2. Temperature at the middle of the fin. 

3. Total heat dissipated by the fin. 


3. In a parallel flow heat exchanger, hot water is cooled from 80°C to 40°C by cold water entering at 
20°C. The mass flow rate of hot water is 0.2Kg/s and the mass flow rate of cold water is 0.5Kg/s. 
If the individual heat transfers co-efficient on both sides is 600W/m 2 K. Find the area of heat 
exchanger. 


4. In a counter flow heat exchanger, water at 20°C flowing at the rate of 1200 Kg/hr. It is heated by 
oil of specific heat 21 OOJ/kg K flowing at the rate of 520Kg/hr at the inlet temperature of 95°C 
Determine 



2 marks 


a) Total heat transfer 

b) Outlet Temperature of water 

c) Outlet temperature of oil 


5. Airat 90°Cf/ows in a coppertube of5 cm inner diameter with thermal conductivity 
380 W/mK and with 0.7 cm thick wall which is heatedfrom the outside 

by water at 120°C. a scaie of0.4 cm thick is depositedon the outersurface ofthe tube 
whose thermai conductivity is 1.82 W/mK. The air and water side unitsurface 
conductance are220 W/nr? K and 3650 W/rr? Krespectiveiy. Caicuiate 


> Overall water to air transmittance 

> Water to air heat exchanger 

> Temperature drop across the scaie deposit 


<ò 
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6. Ten thin brass fins (k=100 W/mK), 0.75 mm thick are piacedaxiaiiy on a 1 m iong 
and 60 mm diameter engine cyiinder which is sl ’ r o/ idedby27°C. The fins are 
extended 1.5m from the cyiinder surte, ce and the heat transfer co-efficient between 
cyiinder and atmospheric air is 15 W/m2K Caicuiate the rate of heat transfer and 
the temperature at the endoffins. hen the cyiinder surface is at 160° 


7. Derive the general heat conduc on equation in Cartesian coordinates. 

8. Derive the LMTD formula for parallel flow heat exchanger. 

9. A parallel fiow heat exchanger is usedto cooi 4.2 kg/min ofhot iiquid of 
specific heat 3.5 kJ/kg K at 130°C. A cooiing water of specific heat 4.18 
kJ/kg Kis used for cooiingpurpose at a temperature of 15°C. The mass fiow 
rate of cooiing water is 17 kg/min. caicuiate the fiowing. Take 
u=1100watts/m 2 .k, A=0.30m 2 . 


1. Outiet temperature o f iiquid 

2. Outiet temperature of water 

3. Effectiveness of heat exchanger 
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10. In a counter fíow heat exchanger, wateris heatedfrom 20 °C to 80 °Cbyan oi/ 
with a specific heat of2.5 kJ/kg - K and mass fíow rate ofO. 5 kg/s. The oH is cooied 
from 110 e Cto40°C. if the overaiiheats transferco-efficientis 1400 W/m2K, findthe 
foiiowing by using NTU method 

1. Mass fíow rate of water 


2. Effectiveness of heat exchanger 

3. Surfacearea 

11. Briefabout paraHei fíow heat exchanger and counter fio*' °at exchanger 
. using simo/e sketch expiain about their temperature distribution. 

12. What is meant by one dimensional heat condu*. tion ?,./so State the difference 




UNIT-I 


HEAT TRANSFER BY CONDUCTION 

1. What is conduction? 

Heat conduction is a mechanism of heat transfer from a region of high temperature to a 
region of low temperature within a médium (solid, liquid or gases) or different médium in 
direct physical contact. 

In conduction, energy exchange takes place by the kinematic motion or direct impact of 
molecules. Pure conduction is found only in solids. 

2. Define convection. 

Convection is a process of heat transfer that will occur between a solid surface and a fluid 
médium when they are at different temperatures. Convection is possible only in the presence 
of fluid médium. 


3. Define radiation. 




n is poss 

K) 


The heat transfer from one body to another without any transmitting médium is known as 
radiation. It is an electromagnetic wave phenomenon. 

4. State Fourier’s law of conduction. 

The rate of heat conduction is proportional to the area measured normal to the direction 
of heat flow and to the temperature gradient in that direction. 



dx 

Where, A- Area in nr 
dT 

- Temperature gradient, K / m 

dx 

k - Thermalconductivity,W / mK 

5. Write down the three dimensional heat conduction equations in Cartesian co-ordinate 
System. 


The general three dimensional heat conduction equation in Cartesian co-ordinate is 




õ 2 T õ 2 T ô 2 T q 1 ÕT 

-õ-1-~-1-~-1-—- 

õx~ ôy~ ôz~ k a ôt 


Where 


q- Heat generator - W /m 2 
a -Thermal diffusivity -m 2 /s 

6. Write down the three dimensional heat conduction equations in cylindrical co-ordinate 
System. 

The general three dimensional heat conduction equations in cylindrical co-ordinate is 


ô~T 1 ÔT 1 ô T ô z T q 1 ÕT 

■ H-b—--H-- + — = 


JP 


õr z r õr r 2 ôcj) 2 õz 2 K a ô 

7. List down the three types of boundary conditions 

1. Prescribed temperature 

2. Prescribed heat flux 


3. Convection boundary conditions 

8. Write down the equation for conduction of heat through a slab or plane wall 

AT 

Heat transfer, Q = 0vemU 
R 



Where 


AT = r, -T 2 


R = — - Thermal resistance of slab 
kA 


L - Thickness of slab 
K - Thermal conductivity of slab 


A - Area 




9. Write down the equation for conduction of heat through a hollow cylinder. 


Heat transfer, Q = —- 
AT = T l -T 2 


R = YkLK ) ~ Thermal resistance of slab 

L - Length of cylinder 

K - Thermal conductivity 
r 2 - outer radius 
ri-Innerradius 

10. Write down equation for conduction of heat through hollow sphere 


Heat transfer, Q = 


A T = T t - T. 


v — r 

R = — 2 , —- - Thermalre.i.s tan ceofhollowsphe 
4ra(r,r 2 ) 


lomphere 
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11. State Newton’s law of cooling or convection law. 

Heat transfer by convection is given by Newton’s law of cooling 
Q = hA(T,-T„) 

WhereA - Area exposed to heat transfer in nr 


h - heat transfer coefficient in W/nrK 


T s - Temperature of the surface in K 
Too - Temperature of the fluid in K 


12. Write down the equation for heat transfer through a composite plane wall. 





Heat transfer, Q = — 

R 


Where 


A T = T . -T 


1 L. L 7 U 1 

R = -+ ^ + ^ + ^ +- 

h a A k x A k 2 A k 3 A h h A 


L - Thickness of slab 


A - Area 


h a - Heat transfer coefficient at inner diameter 


hb- Heat transfer coefficient at outer side 


13. Write down the equation for heat transfer through composite pipes or cylinder. 

A / / \ \Convection 

/ / / Convec tion _A \ \ 

vv 


_- 


Heat transfer, Q = 


Where 


A T = T -T 


In r °- 


In ^ 


R = — -—+ 

2UL h a r x k x 


14. Define overall heat transfer co-efficient. 

The overall heat transfer by combined modes is usually expressed in terms of an overall 
conductance or overall heat transfer co-efficient ‘U’. 


Heat transfer, Q = UA AT. 




15. What is criticai radius of insulation or criticai thickness? 



Criticai radius = rc 
Criticai thickness = r c - n 
rc = Criticai radius 


Addition of insulating material on a surface does not reduce the amount of heat transfer 
rate always. Infect under certain of circum stance it actually increases the heat loss up to 
certain thickness of insulation. The radius of insulation for which the heat transfer is 
maximum is called criticai radius of insulation, and the corresponding thickness is called 
criticai thickness. 

16. Define fins or extended surfaces. 

It is possible to increase the heat transfer rate by increasing the surface of heat transfer. 
The surfaces used for increasing heat transfer are called extended surfaces or sometimes 
known as fins. 


/A U1V1VUJU1» A 

s of fins. 


17. State the applications 

The main application of fins is 


1. Cooling of electronic components 

2. Cooling of motor cycle engines. 

3. Cooling of transformers 

4. Cooling of small capacity compressors. 


18. Define Fin efficiency. 


The efficiency of a fin is defined as the ratio of actual heat transferred to the maximum 
possible heat transferred by the fin 


Vfin = 


Qfin 

grnax 





19. Define Fin effectiveness. 

Fin effectiveness is the ratio of heat transfer with fin to that without fin 

f—.. í'i' . • Qwithfin 

Fin effectiveness = =--— 

Q withoutfin 

20. What is meant by steady State heat conduction? 

If the temperature of a body does not vary with time, it is said to be in a steady State and 
that type of conduction is known as steady State heat conduction. 

21. What is meant by Transient heat conduction or unsteady State conduction? 

If the temperature of a body varies with time, it is said to be in a transient State and that 
type of conduction is known as transient heat conduction or unsteady State conduction. 

22. What is Periodic heat flow? 

In periodic heat flow, the temperature varies on a regular basis. 

Examples: 

1. Cylinder of an IC engine. 

2. Surface of earth during a period of 24 hoi 

23. What is non periodic heat flow? 

In non periodic heat flow, the temperature at any point within the system rádios none 
linearly with time. 



mgoi m a ium 

:mi - infinite n 


1. Heating of an ingot in a fumace 

2. Cooling of bars 

24. What is meant by Semi - infinite solids? 

In a semi infinite solid, at any instant of time, there is always a point where the effect of 
heating or cooling at one of its boundaries is not felt at all. At this point the temperature 
remains unchanged. In semi infinite solids, the biot number value is oo. 

25. What is meant by infinite solid? 

A solid which extends itself infinitely in all directions of space is known as infinite solid. 
In infinite solids, the biot number value is in between 0.1 and 100. 

0.1 <Bi< 100. 


26. Define Biot number. 

It is defined as the ratio of internai conductive resistance to the surface convective resistance. 




Internalconductiveresis tan ce 
Surfacecowectivereás tan ce 


27. What is the signiílcance of Biot Number. 

Biot number is used to find Lumped heat analysis, Semi infinite solids and infinite solids 
If Bi<0. 1 ^ Lumped heat analysis 
Bi = oo Semi infinite solids 
0.1 < Bi < 100 infinite solids. 

28. Explain the significance of Fourier number. 

It is defined as the ratio of characteristic body dimension to temperature wave penetration 
depth in time. -fo 


<ò 


_ . AT , Chamcteristicbody dimension 

r ourierNunver =- 1 - 

Temperaturewavepenetration 

depth int ime. 

It signifies the degree of penetration of heating or cooling effect of a solid. 

29. What are the factors affecting the thermal conductivity? 


1. Moisture 

2. Density of material 


3. Pressure 

4. Temperature 


re vP 

>f material. 

■r rharts^ 


he thermal eond 


5. Structure of material. 

30. What are Heisler eharts? 

In Heisler chart, the Solutions for temperature distributions and heat flows in plane walls, 
long cylinders and spheres with finite internai and surface resistance are presented. Heisler 
eharts are nothing but a analytical Solutions in the form of graphs. 




UNIT-II 


HEAT TRANSFER BY CONYECTION AND PHASE CHANGE 

1. What is dimensional analysis? 

Dimensional analysis is a mathematical method which makes use of the study of the 
dimensions for solving several engineering problems. This method can be applied to all types 
of fluid resistances, heat flow problems in fluid mechanics and thermodynamics. 

2. State Buckingham n theorem. 

Buckingham n theorem States as follows: “If there are n variables in a dimensionally 
homogeneous equation and if these contain m fundamental dimensions, then the variables are 
arranged into (n - m) dimensionless terms. These dimensionless terms are called n terms. 

3. What are all the advantages of dimensional analysis? 

1. It expresses the functional relationship between the var oles in dimensional terms. 

2. It enables getting up a theoretical solution in a simplified dimensionless form. 

3. The results of one series of tests can be applied to a large number of other similar 
problems with the help of dimensional analysis. 

4. What are all the limitations of dimensional analysis? 

1. The complete information is not provided by dimensional analysis. It only indicates 
that there is some relationship between the parameters. 

2. No information is given about the internai mechanism of physical phenomenon. 

3. Dimensional analysis does not give any clue regarding the selection of variables. 

5. Define Reynolds number (Re). 

It is defined as the ratio of inertia force to viscous force. 

_ Inertiaforce 
Viscousfoive 

6. Define Prandtl number (Pr). 

It is the ratio of the momentum diffusivity to the thermal diffusivity. 

p r _ Momentwndiffusivity 
Thermaldiffusivity 




7. Define Nusselt Number (Nu). 


It is defined as the ratio of the heat flow by convection process under an unit temperature 
gradient to the heat flow rate by conduction under an unit temperature gradient through a 
stationary thickness (L) of metre. 


C lc 


Nusselt Number (Nu) = 

cond 

8. Define Grash of number (Gr). 

It is defined as the ratio of product of inertia force and buoyancy force to the square of 
viscous force. 

Q r _ Inertiaforce x Buoyancy face 
( Viscousfotce ) 2 

9. Define Stanton number (St). 

It is the ratio of Nusselt number to the product of Reynolds number and Prandtl number. 

Nu 


O 


9o 


r a 


St = 


Rex Pr 

10. What is meant by laminar flow and turbulent flow? 


\0 

_ ã . £1_O 


Laminar flow: Laminar flow is sometimes called stream line flow. In this type of flow, 
the fluid moves in layers and each fluid particle follows a smooth continuous path. The fluid 
particles in each layer remain in an orderly sequence without mixing with each other. 

Turbulent flow 


Instantaneous 

Velocity 


A/VWWl 


laminar flow 


Time 

Turbulent flow: In addition to the laminar type of flow, a distinct irregular flow is 
frequently observed in nature. This type of flow is called turbulent flow. The path of any 
individual particle is zig - zag and irregular. Fig. shows the instantaneous velocity in laminar 
and turbulent flow. 




11. Define convection. 


Convection is a process of heat transfer that will occur between a solid surface and a fluid 
médium when they are at different temperatures. 

12. State Newton’s of convection. 

Heat transfer from the moving fluid to solid surface is given by the equation 
Q = hA{T w -Tj 


This equation is referred to as Newton’s law of cooling. 
Where 


h - Local heat transfer coefficient in W/m 2 K 
A - Surface area in nr 
Tw - Surface (or) Wall temperature in K 
T oo - Temperature of fluid in K 

13. What is meant by free or natural convection? 


. 
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If the fluid motion is produced due to change in density resulting from temperature 
gradients, the mode of heat transfer is said to be free or natural convection. 

14. What is forced convection? 

If the fluid motion is artificially created by ineans of an externai force like a blower or 
fan, that type of heat transfer is known as forced convection. 

15. What is the form of equation used to calculate heat transfer for flow through cylindrical 



pipes í 


I (Rei 0 8 (Pr) n 


Nu = 0.023 (Re) °' 8 (Pr) n 


0.023 (Re) 

: 0.4 for hei 


n = 0.4 for heating of fluids. 


n = 0.3 for cooling of fluids. 

16. What are the dimensionless parameters used in forced convection? 

1. Reynolds number (Re). 

2. Nusselt number (Nu). 

3. Prandtl number (Pr). 

17. Define boundary layer thickness. 

The thickness of the boundary layer has been defined as the distance from the surface at 
which the local velocity or temperature reaches 99% of the externai velocity or temperature. 




18. Indicate the concept or significance of boundary layer. 

In the boundary layer concept the flow field o ver a body is divided into two regions: 

• A thin region near the body called the boundary layer where the velocity and the 
temperature gradients are large. 

• The region outside the boundary layer where the velocity and the temperature 
gradients are very nearly equal to their free stream values. 

19. Write down the momentum equation for a steady, two dimensional flow of an 

incompressible, constant property Newtonian fluid in the rectangular coordinate 
System and mention the physical significance of each term. 

Momentum equation, 
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20. Sketch the boundary development of a flow 
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21. Define displacement thickness. 

The displacement thickness is the distance, measured perpendicular to the boundary, by 
which the free stream is displaced on account of formation of boundary layer. 

22. Define momentum thickness. 

The momentum thickness is defined as the distance through which the total loss of 
momentum per second be equal to if it were passing a stationary plate. 

23. Define energy thickness. 

The energy thickness can be defined as the distance, measured perpendicular to the 
boundary of the solid body, by which the boundary should be displaced to compensate for the 


reduction in kinetic energy of the flowing fluid on account of boundary layer formation. 

24. Give the application ofboiling and condensation. 

Boiling and condensation process finds wide applications as mentioned below 


1. Thermal and nuclear power plant 

2. Refrigerating systems 

3. Process of heating and cooling 

4. Air conditioning systems 


25. What is meant by pool boiling? 


a submerged solid 


O 


If heat is added to a liquid from a submerged solid surface, the boiling process is referred 
to as pool boiling. In this case the liquid above the hot surface is essentially stagnant and its 
motion near the surface is due to free convection and mixing induced by bubble growth and 
detachment. 

26. What is meant by Filmwise condensation? 


The liquid condensate wets the solid surface, spreads out and forms a continuous film 
over the entire surface is known as film wise condensation. 


27. What is meant by Dropwise condensation? 

In dropwise condensation, the vapour condenses into small liquid droplets of various 
sizes which fali down the surface in a random fashion. 


28. Give the merits of dropwise condensation. 




In dropwise condensation, a large portion of the area of the plate is directly exposed to 
vapour. The heat transfer rate in dropwise condensation is 10 times higher than in film 
condensation. 


29. Write the force balance equation on a volume element for filmwise condensation on a 
vertical plane surface. 
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30. Draw different regions ofboiling and what is nucleate boiling? 
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Nucleate boiling exists in regions II and III. The nucleate boiling begins at region II. As 
the excess temperature is further increases, bubbles are formed more rapidly and rapid 
evaporation takes place. This is indicted in region Hl. Nucleate boiling exists up to AT = 50°C. 
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Excess Temperature A Te = T s - T sa t 
I - Free convection 


II - Bubbles condense in super heated liquid 




ITT - Bubbles raise to surface 


IV - Unstable film 


V - Stable film VI - Radiation coming into play 
31. What are the types ofheat exchangers? 

The types of heat exchangers are as follows 


> 

> 

> 

> 

> 

> 

> 
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Direct contact heat exchangers 
Indirect contact heat exchangers 
Surface heat exchangers 
Parallel flow heat exchangers 
Counter flow heat exchangers 
Cross flow heat exchangers 
Shell and tube heat exchangers 
Compact heat exchangers 





UNIT-III 


HEAT TRANSFER BY RADIA TION 


1. Define Radiation. 


The heat transfer from one body to another without any transmitting médium is known as 
radiation. It is an electromagnetic wave phenomenon. 

2. Define emissive power [Eb]. 

The emissive power is defined as the total amount of radiation emitted by a body per unit 
time and unit area. It is expressed in W/m 2 . 


3. Define monochromatic emissive power. [Eb 2 ]. 

The energy emitted by the surface at a given length per unit time per unit area in all 
directions is known as monochromatic emissive power. 


4. What is meant by absorptive? 
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Absorptive is defined as the ratio between radiation absorbed and incident radiation. 
Raduatuibavsirved 


Absorptivity, a = 

Incidentradiation 

5. What is meant by reflectivity? 




ation 



Reflectivity is defined as the ratio of radiation reflected to the incident radiation. 


Re flectivity, p = 


Raduatuibavsirved 

Incidentradiation 


Incid 


6. What is meant by transmissivity? 

Transmissivity is defined as the ratio of radiation transmitted to the incident radiation. 
Radiation transm i tted 


Transmissivity , r = 


Incidentradiation 


7. What is black body? 

Black body is an ideal surface having the following properties. 

1. A black body absorbs all incident radiation, regardless of wave length and direction. 

2. For a prescribed temperature and wave length, no surface can emit more energy than 
black body. 




8. State Planck’s distribution law. 

The relationship between the monochromatic emissive power of a black body and wave 
length of a radiation at a particular temperature is given by the following expression, by 
Planck. 


„ . c,/1-5 

E,Ã = -=- 1 
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Where 


E bÀ = MonochromaticemissivepowerW / m 1 
À = Wavelength-m 
c, = 0.374x10 15 W/n 2 
c 2 = 14.4 x 10 3 mk 


9. State Wien’s displacement law. 
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The Wien’s law gives the relationship, between temperature and wave length 
corresponding to the maximum spectral emissive power of the black body at that temperature. 

À,„T = c. 


Where 4 


c 3 = 2.9x40“ 

r \.. 
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À mia T = 2.9x10 mk[Radiationcons tanr] 


10. State Stefan-Boltzmann law. 
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The emissive power of a black body is proportional to the fourth power of absolute 
temperature. 


E b 

E b 

Where Eb 
cr 


= oo T 4 

= a-7' 4 

= Emissive power, W/m 2 

= Stefan-Boltzmann constant 

= 5.67 x 10~ 8 W/nrK 4 


T 


Temperature, k 





11. Define Emissivity. 


It is defined as the ability of the surface of a body to radiate heat. It is also defined as the 
ratio of emissive power of anybody to the emissive power of a black body of equal 
temperatue. 


Emissivity, e= — 
E u 


12. What is meant by gray body? 

If a body absorbs a definite percentage of incident radiation irrespective of their wave 
length, the body is known as gray body. The emissive power of a gray body is always less 
than the of the black body. 


13. State Kirchhoff s law of radiation. 


This law States that the ratio of total emissive power to the absorptive is constant for all 
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surfaces which are in thermal equilibrium with the surroundings. This can be written as 
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It also States that the emissivity of the body is always equal to its absorptive when the body 
remains in thermal equilibrium with its surroundings. 

a \ = E\'i a 2 ~ E 2 and s 

adiation (Ib). 


rso on 


14. Define intensity of radiation ( 


It is defined as the rate of energy leaving a space in a given direction per unit solid angle 
per unit area of the emitting surface normal to the mean direction in space. 


/ 
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15. State Lamberfs cosine law. 

It States that the total emissive power Eb from a radiating plane surface in any direction 
proportional to the cosine of the angle of emission. 

E h oocos# 




16. What is the purpose of radiation shield? 

Radiation shields constructed from low emissivity (high reflective) materiais. It is used to 
reduce the net radiation transfer between two surfaces. 

17. Define irradiation (G) and radiosity (J) 

It is defined as the total radiation incident upon a surface per unit time per unit area. It is 
expressed in W/m 2 . 

It is used to indicate the total radiation leaving a surface per unit time per unit area. It is 
expressed in W/m 2 . 

18. What are the assumptions made to calculate radiation exchange between the surfaces? 

> All surfaces are considered to be either black or gray. 

> Radiation and reflection process are assumed to be diffuse. 

> The absorptive of a surface is taken equal to its emissivity and independent of 
temperature of the source of the incident radiation. 

19. What is meant by shape factor and mention its physical significance. 

The shape factor is defined as “The fraction of the radiative energy that is diffused from 
one surface element ad strikes the other surface directly with no intervening reflections”. It 
is represented by F jj . Other names for radiation shape factor are view factor, angle factor 

and configuration factor. The shape factor is used in the analysis of radiative heat exchange 
between two surfaces. 

20. Discuss the radiation characteristics of carbon dioxide and water vapour. 

The CO 2 and H 2 O both absorb and emit radiation over certain wavelength regions called 
absorption bands. 

The radiation in these is a volume phenomenon. 

The emissivity of CO 2 and the emissivity of H 2 O at a particular temperature increases 
with partial pressure and mean beam length. 




UNIT-IV 


HEAT EXCHANGER 

1. What is heat exchanger? 

A heat exchanger is defined as an equipment which transfers the heat from a hot fluid to a 
cold fluid. 

2. What are the types of heat exchangers? 

The types of heat exchangers are as follows 

1. Direct contact heat exchangers 

2. Indirect contact heat exchangers 

3. Surface heat exchangers 

4. Parallel flow heat exchangers 

5. Counter flow heat exchangers 

6. Cross flow heat exchangers 

7. Shell and tube heat exchangers 

8. Compact heat exchangers 

3. What is meant by direct heat exchanger (or) open heat exchanger? 

In direct contact heat exchanger, the heat exchange takes place by direct mixing of hot 
and cold fluids. 

4. What is meant by indirect contact heat exchanger? 

In this type of heat exchangers, the transfer of heat between two fluids could be carried 
out by transmission through a wall which separates the two fluids. 

5. What is meant by Regenerators? 

In this type of heat exchangers, hot and cold fluids flow altemately through the same 
space. 

Examples: IC engine, gas turbines. 

6. What is meant by Recuperators (or) Surface heat exchangers? 

This is the most common type of heat exchangers in which the hot and cold fluid do not 
come into direct contact with each other but are separated by a tube wall or a surface. 

Examples: Automobile radiators, Air preheaters, Economisers etc. 





7. What is meant by parallel flow heat exchanger? 


In this type of heat exchanger, hot and cold fluids move in the same direction. 

8. What is meant by counter flow heat exchanger? 

In this type of heat exchanger, hot and cold fluids move in parallel but opposite directions. 

9. What is meant by cross flow heat exchanger? 

In this type of heat exchanger, hot and cold fluids move at right angles to each other. 

10. What is meant by Shell and tube heat exchanger? 


In this type of heat exchanger, one of the fluids move through a bundle of tubes enclosed 
by a shell. The other fluid is forced through the shell and it moves over the outside surface of 
the tubes. 

_ > 

11. What is meant by compact heat exchangers? 




There are many special purpose heat exchangers called compact heat exchangers. They 
are generally employed when convective heat transfer co-efficient associated with one of the 
fluids is much smaller than that associated with the other fluid. 

12. What is meant by LMTD? 

We know that the temperature difference between the hot and cold fluids in the heat 
exchanger varies from point to point. In addition various modes of heat transfer are involved. 
Therefore based on concept of appropriate mean temperature difference, also called 
logarithmic mean temperature difference, the total heat transfer rate in the heat exchanger is 
expressed as 

Q = UA(*T) m 


Where 


U = Overall heat transfer co-efficient, W/nrK 
A = Area, nr 

(AT) m = Logarithmic mean temperature difference. 

13. What is meant by Fouling factor? 

We know the surface of a heat exchangers do not remain clean after it has been in use for 
some time. The surfaces become fouled with scaling or deposits. The effect of these deposits 




affecting the value of overall heat transfer co-efficient. This effect is taken care of by 
introducing an additional thermal resistance called the fouling resistance. 

14. What is meant by Effectiveness? 

The heat exchanger effectiveness is defined as the ratio of actual heat transfer to the 
maximum possible heat transfer. 


. Actualheattransfer 

tjjectivewss e= - 

Maximumpossibleheatrransfer 




Area 


Temperature distribution - Counter flow 




UNIT-V 

MASS TRANSFER 


1. What is mass transfer? 


The process of transfer of mass as a result of the species concentration difference in a 
mixture is known as mass transfer. 

2. Give the examples of mass transfer. 

Some examples of mass transfer are 


> Humidification of air in cooling tower 

> Evaporation of petrol in the carburetor of an IC engine 

> The transfer of water vapour into dry air 


3. What are the modes of mass transfer? 

There are basically two modes of mass transfer, 

> Diffusion mass transfer 

> Convective mass transfer 


4. What is molecular diffusion? 
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The transport of water on a microscopic 


-oscopic levei as a i 


result of diffusion from a region of 


higher concentration to a region of lower concentration in a mixture of liquids or gases is 
known as molecular diffusion. 
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5. What is Eddy diffusion? 

When one of the diffusion fluids is in turbulent motion, eddy diffusion takes place. 

6. What is convective mass transfer? 

Convective mass transfer is a process of mass transfer that will occur between a surface 
and a fluid médium when they are at different concentrations. 

7. State Fick’s law of diffusion. 

The diffusion rate is given by the Fick’s law, which States that molar flux of an element 
per unit area is directly proportional to concentration gradient. 


777 

—— = —D 

A 


ab 


dC a _ 
dx 


Where 




m 


molarflux 
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8. What is free convective mass transfer? 


If the fluid motion is produced due to change in density resulting from concentration 
gradients, the mode of mass transfer is said to be free or natural convective mass transfer. 
Example: Evaporation of alcohol. 

9. Define forced convective mass transfer. 


If the fluid motion is artificially created by means of an externai force like a blower or 
fan, that type of mass transfer is known as convective mass transfer. 

Example: The evaporation of water from an ocean when air blows over it. 

10. Define Schmidt Number. X? 

It is defined as the ratio of the molecular diffusivity of momentum to the molecular 
diffusivity of mass. 


Sc = 



Moleculardffusivityofmomentum 
Moleculardffusivityofmass 

11. Define Sherwood Number. 

It is defined as the ratio of concentration gradients at the boundary. 

Sh = h - x 

h m - Masstransferco- efficient m / s 
D ah - Diffusionoo - efficient, m 2 / ,v 
x - Length, m 



12. Give two examples of convective mass transfer. 

> Evaporation of alcohol 

> Evaporation of water from an ocean when air blows over it. 

13. Define the following. 

> Mass Concentration 

> Molar Concentration 

> Mass fraction 

> Mole fraction 




CONDUCTION 


Fourier Law of Conduction 

Rate of heat conduction is proportional to the area measured normal to the direction of 
heat flow and to the temperature gradient in that direction. 


Qa - A 


dT 

dx 


Q = -kA 


dT 

dx 


Where 

A - Area in nr 

< ^— - Temperature gradient in k/m 
dx 

k - Thermal conductivity in W/mK 

Thermal conductivity is defined as the ability of a substance to conduct heat. 

[The negative sign indicates that the heat flows in a direction along which there is a 
decrease in temperature] 

GENERAL HEAT CONDUCTION EQUA /TON IN CARTESIAN COORDINATES 

Consider a small rectangular element of sides d x , d y and d z as shown in Fig. 1.1. 


The energy balance of this rectangular element is obtained from first law of 
thermodynamics. 
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Let q x be the heat flux in a direction of face ABCD and q + à x be the heat flux in a 

through the face ABCD is 


direction of face EFGH. 

The rate of heat flow into the element 


Where k - Thermal conduc 



( 1 . 2 ) 


The rate of heat flow out of the element in x direction through the face EFGH is 
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Subtracting (1.2) - (1.3) 
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[•.• Mass = Density x Volume] 



Heat Stored within the element 

Heat generated within the element is given by 

Q = q d x d y d z \ 
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Substituting equation (1.7), (1.8) and (1.9) in equation (1.1) 
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Considering the material is isotropic. So, 
k x = k v = k z = k = constant. 

A y z. 
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( 1 . 10 ) 






It is a general three dimensional heat conduction equation in Cartesian coordinates 

k 

Where, a = Thermal diffusivity =- m 1 / s 

P C p 

Thermal diffusivity is nothing but how fast heat is diffused through a material during 
changes of temperature with time. 

Case (i): No heat sources 

In the absence of internai heat generation, equation (1.10) reduces to 


õ 2 T õ 2 T ô~T 1 ÔT 
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( 1 . 11 ) 


ôx ôy ôz oi dt 

This equation is known as diffusion equation (or) Fourier’s equation. 
Case (ii): Steady state conditions 
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In steady State condition, the temperature does not change with time. So, — = 0. The 

dt 


-— 

heat conduction equation (1.10) reduces to 

.( 1 . 12 ) 
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This equation is known as known as Poisson’s equation. 

In the absence of internai heat generation, equation (1.12) becomes: 


ô 2 T | õ 2 T | õ-T _ Q 
õx 2 ôy 2 ôz 2 

(or) 
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V 2 T =0 


This equation is known as Laplace equation. 





Case (iii): One dimensional steady State heat conduction 


If the temperature varies only in the x direction, the equation (1.10) reduces to 
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In the absence of internai heat generation, equation (1.14) becomes: 
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Case (iv): Two dimensional steady state heat conduction 

If the temperature varies only in the x and y direction, the equation (1.10) becomes: 

Ô 2 T Õ 2 T q 
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In the absence of internai heat generation, equation (1.16) reduces to 
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Case (v): Unsteady state, one dimensional, without internai heat generation 
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In unsteady state, the temperature changes with time, i.e., — ^ 0. So, the general conduction 
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equation (1.10) reduces to 
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GENERAL HEAT CONDUCTION EQUATION IN CYLINDRICAL CO-ORDINATES 


The general heat conduction equation in Cartesian coordinates derived in the previous 
section is used for solids with rectangular boundaries like squares, cubes, slabs etc. But, the 
Cartesian coordinate system is not applicable for the solids like cylinders, cones, spheres etc. for 
cylindrical solids, a cylindrical coordinate system is used. 

Consider a small cylindrical element of sides dr, d (j) and d z as shown in fig. 1.2. 
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The volume of the element dv = r d cj) dr dz. 

Let us assume that thermal conductivity k, Specific heat C p and density p are constant. 
The energy balance of this cylindrical element is obtained from first law of thermodynamics. 
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Heat entering in the element through ($, z) plane in time d d . 
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Heat entering in the element through (z, r) plane in time d d . 
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[Adding equation 1.20, 1.2% and 1.22] 
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Heat generated within the element 

Total heat generated within the element is given by 

Q =q (dr rd^ dz) dO .(1-24) 

Heat stored in the element 

The increase in internai energy of the element is equal to the net heat stored in the 
element. 

Increase in internai energy 

= Net heat stored in the element 


ÕT 

= p ( dr rd ó dz) C n — x dO 

p 89 

Substituting equation (1.23). (1.24) and (1.25) in (1.19) 

' õ 2 T 1 õT 1 õ^T õ 2 T 


(1.25) 


(l.l9)==>£(drrd^ dz)d0 


+ ■ 


õr z r dr r 2 õ(/>"'\ õz ' f ' p ÕO 



õT 

+ q (dr rd (f> dz) C — x d 6 


p( drrd^ dz) C — xdO 


ÕO 


Divided by (dr rd 6 dz) d 6 


==> k 


ío 


õ~T 1 ÕT 1 õ~T õ~T 

—- +-+ —-- + —- 

r õr r 


õr 


õf õz 


n ÕT 
+ q = p.C - 

p ÕO 


-> 


ô 2 T 1 õT 1 õ 2 T ô 2 T 


+ 


+ ■ 


+ 


ôr~ r dr r d(j)~ õz‘ 


| q _ pC p dT 
k k dO 


(1.26) 


It is a general three dimensional heat conduction equation in cylindrical co-ordinates. 


õ~T 1 dT 1 d 2 T d~T q 1 ÕT 

dr 2 r dr r~ d<f>~ dz 2 k a d6 


a = 


pc r . 


If the flow is steady, one dimensional and no heat generation, equation (1.26) becomes: 







(1.27) 


õ 2 T 1 ÕT 
õr 2 r õr 


(or) 


1 d 

==> - + — 
r dr 



(1.28) 


CONDUCTION OF HE AT THROUGH A SLAB OR PLANE WALL 

Consider a slab of uniform thermal conductivity k, thickness L, with inner temperature 
Ti, and outer temperature To. 


Let us consider a small elemental area of thickness ‘dx\ 



==> J Qdx = - J kAdT 


o r, 

L T 2 

==> Q J dx = -kAj dT 

o r, 

=>Q[x]o =-kA[À§ 

==>Q[L-0\ = -kA[T 2 -rj 
==>QxL = kA[T l - T 2 ] 

“>G = fk- r 2 ] 


(1.29) 













Where 


==>Q 

==>Q 


T -T 

1 I 1 2 

L 

kA 

AT „ 

overall 

R 


(1.30) 


A T = T-T L 


R = —~ Thermal resistance of slab. 
kA 


CONDUCTION OF HE AT THROUGH HOLLOW CYLINDER 

Consider a hollow cylinder inner radius ij, outer radius r 2 , innfer temperature 
temperature T 2 and thermal conductivity k. 



4 y/j 

Let us consider a small elemental area of thickness “dr’ 
From Fourier law of conduction, we know that, 


Q = -kA — 
dr 


Area of a cylinder is 2mT 
A = 2 7wL 


Ti, outer 


So, 







Q 


= -k 2 jrrL 


dT_ 

dr 


==> Q x 


dr 

r 


-klnLdT 


Integrating the above equation from ri to 17 and Ti to T 2 . 


==> 


Qj — = -kljiL J dT 


Where 


==> Q[l nr Yr t ~ —k2nl\R^ 

——> 0\lnr 2 - Inr l ] = -k2/rL\T 2 - T t ] 


==> Qln 


f r 2 a 


V /'I J 


=>Q = 


= 27 iLk\r x - t 2 ] 
2/rLk [/', - T 2 ] 


r .. A 


In\ 


=>Q = 


vi J 


T -T n 


2/rLk 


AT = T, - T- 


_ s 


'"(7) 

&■ 


& 


X0 

cr 


<ò 


( 1 . 32 ) 


í\ 


R = 


2/rLk 


In\ 


V r i J 


Thermal resistance of the hollow cylinder. 


CONDUCTION OF HE AT THROUGH HOLLOW SPHERE 

Consider a hollow sphere of inner radius ri, outer radius r 2 , inner temperature Ti, outer 
temperature T 2 and thermal conductivity k. 




Let us consider a small elemental area of thickness ‘dr’. From Fourier law of heat conduction, we 
know that 


Q = -kA -p 
dr 


Area of sphere is 4 7tr~ 

A = 4 rir 2 
Q = -k4m- 2 

dr 
dr 


Integrating on both sides 


==> Q x — == -k x 4 ndT 

& 

r dr r 

>Q\- = -\4xkdT 


$ 


cr 
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T, 

= -4 nk[T% 

= -4nk[T 2 -T 1 ] 
~ r =4nk[T l -T 2 \ 


=>Q 


=>q 


i _ i 

r, r. 


=>Q 


1 2 
r - r 


(1.33) 


==> Q = 


4nk[T { -T 2 \ 


r, - r, 


(1.34) 














(1.35) 


Where 


==>Q 


T -T 
1 1 1 2 

r 2 ~ 6 

Ank{rj 2 ) 


==>Q 


AT 


overal l 


R 


AT = T x - T 2 


R = 


r, - r, 


Thermal resistance of hollow sphere. 


4nk(r l r 2 ) 

Newton ’s Law of Cooling 
Heat transfer by convection is given by Newton law of cooling 

e = M[r,-rJ 


Where 


vv 

A - Area exposed to heat transfer in m2 
h - Heat transfer co-efficient in W/m2K 


5? 


cr 


h 


(1.36) 


T s - Temperature of the surface in K 
T a - Temperature of the fluid in K. 

6. Heat Transfer Through a Composite Plane Wall with Inside and Outside Convection 


Consider a composite wall of thickness Li, Li and L 3 having thermal conductivity ki, k 2 
and k 3 respectively. It is assumed that the interior and exterior surface of the system are 
subjected to convection at mean temperatures T a and Tb with heat transfer co-efficient h a and hb 
respectively. Within the composite wall, the slabs are subjected to conduction. 










Convection 



J3 


k. 

k 2 

k 3 » 

A 

© 

© 

© 


uh- 

uh- 

u Lj >1 



h J h 


Convection 


From Newton’s law of cooling, we know that 
Heat transfer by convection at side A is 

Q = haA\r a - T x ] [From equn. (1. 
Heat transfer by conduction at slab (1) is 


k.A\T. - TA 
Q = -- [Fror 



ví^ 

(1-36)1 , . 


9o 


(1.37) 


(1.38) 


(1.39) 


Similarly at slab (3) is 


Q = 


k,A[T, -r 4 ] 


(1.40) 


Heat transfer by convection at side B is 

Q = hbA[T,-T b ] 

We know that, 


(1.41) 




















T a -7] = Qx - [Fromequn. (1.37)] 

h.A 


T l -T 2 =Qx —— [ From equn. (1.38)] 


T 2 -T 3 =Qx 


[From equn. (1.39)] 


T 3 -T 4 = Qx —[From equn. (1.40)] 


T 4 - T h =Qx —— [Fromequn. (1.410] 

h,A 


Adding both sides of the above equations 


1 L, L, k 3 1 

==>T a -T h =Q - + -A- + -A- + -A- + — 


==>Q = 


h a A k x A k 2 A k 3 A h b A 


1 L x L 2 k 3 1 

h a A k x A k 2 A k 3 A h h . 


_^ overall 

R 


Where 




0 


F 




0 


h 


A T=T -T u 


Thermal resistance, R = R cl + R x + R 2 + R 3 + R h 


(1.42) 


1 Ri k 2 k-, 1 

:- + -— + -í- + -í- + - 

h a A k { A k 2 A k 3 A h b A 


We know that, 




(1.43) 




UA 


==>Q = UA[T-T h ] 


Where 

‘U’ is the overall heat transfer co-efficient (W/nrK). 


HEAT TRANSFER THROUGH COMPOSITE PIPES OR CYLINDERS WITH INSIDE 
AND OUTSIDE CONVECTION 



A hot fluid at a temperature T a , with heat transfer co-efficient h a , flowing through a pipe is 
separated by two layers from atmosphere as shown in fig. 1.7. Let the thermal conductivities be 
ki and k 2 . On the outside surface heat is being transferred to a cold fluid at a temperature Tb with 
heat transfer co-efficient hb. 


Heat transfer by convection at side A is 

Q = h a A[T a - T x ] [From equn. No. (1.36)] 


Here Area, A = 2nr x L 
So, 


(Q - 2jir x Lh a \t a - 7] ] 


(1.44) 








Heat transfer by conduction at section 1 is 
„_2zU,[T,-T 2 ] 


Similarly 


At section 2 


2 nLk 2 [T 2 -T 3 ] 


Heat transfer by convection at side B is 

Q = hbA[T 3 -T b ] 

Q = 2xr3Lhb[T 3 - T b ] 

We know that, 


(1.45) 


[From equn. (1.310] 


(1.46) 


T -T = 

1 a 1 1 


2xLi\h a 


VV 

[Frpm equn. (1.440] 


cr 


9o 


(1.47) 


T '- T ’=dM r i 


2 J r, 1 




fom equn. (1.45)] 


T 2 -T, = ——— In\ — 
2xLk 2 \r. 


[From equn. (1.46)] 


T -T = 

1 3 1 b 


2xLr 3 hb 


[From equn. (1.47)] 


Adding both sides of the above equations 






Ta - 71 = 


Q 


2 ttL 


1 | /w(r 2 /r t ) | In(r 3 /r 2 ) | 1 


==>Ô = 


A r l *1 

2 ^ - rj 


^2 V 3 


\ , /«(r 2 / r,) , In{r 3 lr 2 ) , I 


+ 


Vl 


+ 


+ 

k 2 h b r 3 


==>Q = 


[T.-T„] 


1 

2nL 


1 M r 2 /r i) i In (r 3 /r 2 ) | 1 


K r i K 


k i h h r 3 


Q = 


AT 


ove rali 


R 


Where 


R = 


1 In(r 2 /r t ) In(r 3 /r 2 ) 1 


2 ttL 


AT -T -T 

LA1 overall 1 a ± b 


We know that, 


K r \ K 


V3 


i? = 


UA 


==>Q = 


T - T 


a _ b 

~T~ 

UA 


O 


$ 


5? 


< 5 * 


<ò 


h 


Q = ua[t q -gj 

Where 

U = Overall heat transfer co-efficient, W/irrK 
A = Area = 2ar3L 


(1.49) 


CRITICAL RADIUS OF INSULATION 

Addition of insulating material on a surface does not reduce the amount of heat transfer 
rate always. In fact under certain circumstances it actually increases the heat loss up to certain 
thickness of insulation. The radius of insulation for which the heat transfer is maximum is called 
criticai radius of insulation and the corresponding thickness is called criticai thickness. If the 
thickness is further increased, the heat loss will be reduced. 





Criticai Radius of Insulation For A Cylinder 

Consider a cylinder having thermal conductivity k. Let ri and rO inner and outer radii of 
insulation. 


Heat transfer, Q = 


T -T 


[From equn. 


In —-— 

r i 

2nkL 

Considering h be the outside heat transfer cc 

T: 





rO inner 


Here AO = 2 7tr 0 L 



















1 


==> Q = 


T - T 


f.. \ 


In\ 


v r i y 


+ - 


2 TtkL 2 7r n Lh 


To find the criticai radius of insulation, differentiate Q with respect to ro and equate it to 


zero. 


o-ir-T 


Since (T i ~T a )*Q 



(1.50) 


In many practical cases, there is a heat generation within the system. Typical examples 
are 

> Electric coils 

> Resistance heater 

> Nuclear reactor 

> Combustion of fuel in the fuel bed of boiler furnaces. 

PLANE WALL WITH INTERNAL HEAT GENERATION 
Consider a slab of thickness L, thermal conductivity k, as shown in fig. 1.10. 


Consider a small elemental area of thickness d x . 





\dx | 



From Fourier’s law of conduction, we know that 


dT 

Heat transfer at x, Qx = - kA — 

dx 


Heat conducted out at x+dx 


Q, +dx =-kA—-kA 


(1.51) 

rSO 


dx 


d T 

dx 2 


dx 


Heat generated within d x 
Q g = qAdx 

We know that, 


Qx + Q g - Qx+dx 

==> -kA— + qA 
dx 


T Adx = -t 


cF 


.(1-53 


dT d~T 

-kA - kA —-dx 

dx dx 


==> qAdx = -kA 


dT 

dx 2 


IÁ d2T 

=-> kA -1- qAdx = 0 

dx 2 


d2T q 

==>-h — dx = 0 

dx 2 k 


Integrating above equation 


==> 


\TL+íidx=o 


dx 


dT q _ 

—>-1— x — Cj 

dx k 


(1.54) 


(1.54) 


(1.55) 




















Integrating 


(1.55) 


==> f— + -f^=fc 1 

J dx k> J 

==>T + ^~— = C,x + C 2 
k 2 


==>T = - — ^x 2 +C..Y + C, 
2 k 


(1.56) 


The temperature on the two faces of the slab (T w ) is the same because it loses it loses the 
same amount of heat by convection on two sides. 


Apply boundary conditions; Q = 0 


(1.56) ==>T = — 2-x 2 +C 7 
2 k 2 


Apply T ==>T w ,x = - 


==> T, = — — — í — I +C, 


2 k V 2 

C, =T 


2k\2 


c,_ = + 


si 

Q7, 


<T 


5? 


cr 
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Substituting Ci and C 2 value in equation (1.56) 


7-= -2^+0 + 7- 


>T =7-„, - - (7’ - 1a ) 
w 8 k V ’ 


(1.57) 


The maximum temperature T max (at the centre) is obtained by putting x = 0 in Equation 


(1.57). 








Heat flow rate 


Q = \ c í al 

Heat transfer by convection 



CYLINDER WITH INTERNAL HEAT GENERATION 


Consider a cylinder of radius r and thermal conductivity k. Heat is generated (Q g ) in the 
cylinder due to passage of an electric current. 

From Fourier’s law of conduction, we know that, 



( 1 . 60 ) 


Integrating 








Integrating 


f d 2 T 
dr 2 


+ 



í° 


í/r q r 2 

==> r-+ — — 

dr k 2 




í/r í/r 
==> — + — = 
dr 2 k 


C, 


t€L+t± r= t 

J rh- J J 


Cl 


í/r J 2/t 


==> r -4— - = C,Inr + C, 

2/t x 2 


==> r = - —-h C, Inr + C, 

2/t 1 


Apply boundary conditions 
Ci =0 


(1.61) ==> T w = 


^ + C 2 [PutT = T w ,r = _ 


—> Co — r , + 


d r õ 


n, r = r 0 

cr 




Apply Ci and Co value in Equation (1.61) 



r = r +—[r 0 2 -r 2 ] 
w 4/t L ° J 


At centre 

r = 0, T = T max 


cr 


.(1.61) 

$0 


-> 


T =T +— \r 2 ] 

max 1 w ' L O J 





Maximum Temperature, T max - T w + -f— [r 0 2 ] 

4 k 

.(1-62) 

We know that, 


Heat generated 


Q = m\-Lq 

.(1-63) 

Heat transfer due to convection 


Q = hA(A,-Tj 

Q = hx2m-„L(T w -Tj 

Equation (1.63) and (1.64) 

^5^h64) 

*50 

p- 

► 

7irlLq = h x 2m 0 L(T w - T$ 
r 0 q = hx2x(T w -T^ 

M = 2 hT w - 2hT . 

2hT , = >YI + 2/>'£ 

T =T + r ° q 

W ™ (st 

Surface temperature, '! - 1 i — 

2h 

.(1-65) 



Similarly, 


For sphere, temperature at the centre 


+ 

II 

.(1-66) 










250 


==> 


q 


4 7ir 4/3m- 

_ 250 x 4 x ;r(0.050) 2 
4/3;r x (0.050) 3 


==> a = 15,000W / nr 


Temperature at the centre of the sphere 


Result: 


FINS 


T =T + 

c w 


gr 
6 k 


= 281 + 


1555 x (0.050) 2 


6x0.18 


Tc = 315.1K 


[From Equn no. (1.66)] 


> Heat generated, q = 15,0 1 

> Center temperature, T c = 


00 W/m 3 
c = 315.7 K 


cr 
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It is possible to increase the heat transfer rate by increasing the surface of heat transfer. 


The surfaces used foyncreasing heat transfer are called extended surfaces of fins. 
Types of fins 

Some common types of fin configuration are shown in fig. 1.11. 


















(i) Uniform straightfin 



(ii) Tapered straight fin 



(iv) Annular fin 


















(v) Pin fins 


Commonly there are three types of fin 


TEMPERATURE DISTRIBUTION AND 


> Infinitely long fin 

> Short fin (end is insulated) 

> Short fin (end is insulated) 



Fig. 1.12 (a) and (b) shows the straight fin or longitudinal fin of rectangular section and 
circular section respectively. One end of the fin is enclosed in a heating chamber and the other 
end is exposed to atmospheric air. 

Heat is transferred across the rectangular fin and circular rod by conduction. From the 
surface of the fin, heat is transferred to air bv convection. Let us consider a small elemental area 
of thickness dx, wl 



.Cross sectional area 































A steady State conditions, heat balance equation for that element is as follows. 

Heat conducted into the element = Heat conducted out of the element + heat convected to the 
surrounding air. 


^ Qx Qx+dx Qconv 


Where, 


Qx = —kA 


dT 


dx 

Qx + dx = —kA 


#r 


vO 

cr 


£ 


Substituting Q x, Q x+dx am 
(1.67) 


Qconv = hA ir - T a ) 

= h(pdx)(T - T a ) 

K C/j 

lv values in equation (1.67) 



==> —kA —— = -kA 
dx 


dT 

dx 


d 2 T 

kA — dx + h(pdx){T - T a ) 


==> kA^—^r = h P ÍT ~T a ) 


==> 


dx 

d z T hP 


==> 


dx 2 kA 
d 2 T _ hP 
dx 2 kP 


d T 

==> —- m 
dx~ 


=—( r - 7 ’d 

(T-T„)= 0 

(r-r„)=o 





























Where, m 2 


hP 

kA 


==> ui = 



> — 
dx 2 


- m 2 d = 0 


[■.•e=r-r„] 


0 . 68 ) 


Equation (1.68) shows that the temperature is a function of x and m. It is a second order, 
linear differential equation. Its general solution is, 


0 = C,e~ mx + C 2 e r 


(1.69) 


The temperature distribution and heat dissipation depends upon the following fin 
conditions. 


Case (i): Infinitely longfin 

If a fin is infinitely long, the temperature at i 


jpp 

\Çr 

t its end is eq 


equal to that of the surrounding 


fluid. 


Atx = 0,T -Tb and AtX =a;T = T a 


T h - Base temperature of fin 
From equation (1.69), we know that, 


r\ /~i -me . mx 

U = L x e +C 2 e 

T-T^C^+Cy- 


(1.70) 


[■■0 = T~T a ] 


Substituting 


AtX =0',T = T b 

(1-70 )=>T l -T a =C l e°+C 1 e‘ 


==> 


T -T =C + C 

1 b 1 a V -1 T ^2 


(1.71) 


Substituting 









AtX -a,T =T a in equation (1.70) 


=>(T„ -T') = C,e—+C t 


== > 0 = C 1 e~ ma + C 2 e ma 

==>cy ,a =o 


e'" a *0 ,So, 


C2 = 0 


Substituting C2 = 0 value in equation (1.71) 
(l.70)==>r, -T a =C, +0 


— > T -T = C 

^ 1 b 1 a '“'1 


Substituting Cl and C2 value in equation (1.70) 
(i.70)=>r-r o =(t„-T„ y~ +o 


a — g ~ mx 




T -T 

1 b 1 a 


Where, 


.4<2 

T a - Surrounding temperature, K 
T - Intermediate temperature, K 
x - Distance, m 


(1.72) 



2 

h - heat transfer co-efficient, W/m"K 
P - Perimeter, m 


k - Thermal conductivity, W/mK 







A - Area, m 2 


Heat dissipation through the fin is obtained by integrating the heat lost by convection 
over the entire fin surface. 

We know that, 

Heat lost by convection, Q conv = M(r - T a ) 

==> q = hPdx(T - T a ) 

a 

==>g = J/ 7 p(r -T a )d x 

0 


a 



Case (ii): Fin with insulated end (Shortfin) 

The fin has a finite length and the tip of fin is insulated. 




dT 

Atx = L; — = 0; 
dx 

Atx-0:T =T, 


From equation (17.70), we know that, 
{T-T a ) = C x e~ me +C 2 e r 


==> — = C,e mx x (- m) + C 2 e mx x m 
dx 


Applying the first boundary condition, i.e., at x = L, — = 0 

dx 


==> 0 = C x e mL x -777 + C 2 e mL x m 

. «o —mL /o mL 

==> niL { e =mC 2 e 

C —mL /o mL 


— mL x/ 

= C 2 e 


From equation (1.70), we know that, 


(T-T a )~cr mx +C 2 e 




cr 


fò 


(1.74) 


Applying the Second boundary condition, i.e., at x = 0, T = Tb 


==>(T h -T a )-C 1 e° + C 2 e c 
==>{ T h -T a ) = C 1 +C 2 


,)=C I +\ 

„ o i 


==>T b -T a =C 2 e**+C 2 


=>T b -T a =C 2 [e 2mL +l\ 


['•' C 1 = C 2 e 2mL \ 


T —T 

C2 = —--2-, 

í? 2 '^ + 1 


...(1.75) 


Substituting C 2 value in equation (1.74) 






=>C,= 


T -T 

1 b 1 a 


„ 2 mL 


+ 1 


x e~ 


T -T 

==> Q 


1 


=> Cl = 


[e2mL +1] e~ 2mi 
Tb-Ta 


2mL w -2mL . -2mL 

e x e + e 


==> 


Substituting Ci a 



....(1.76) 


htion (1.70) 


=>(r-rj= 


fo-rj 


1 + e~ 


x e + 


fc-rj 

l + í“ 


x e 


=>r-r a =(r s -Tj e 

(T~T„) 


1 + e 


-2 mL 


+ ■ 


1 + e 


2mL 


==> 


(T>-T„) 


+ ■ 


\ + e~ lmL \ + e 2,nL 


Multiplying the numerator and denominator by e raL and e 


(T-Tj 


. 


<ò 


<ò 



mL . -mL 

e + e 


In terms of hyperbolic function it can be written as, 

T —T a _ cosh m(L - x ) 

T h -T a cosh mL 

Temperature distribution of fin with insulated end 


(1.77) 


T -T a _coshm(L-x) 
T b -T a cosh mL 


(1.78) 







==>T-T a =(r t -T a ) 


dT 


cosh7«(L - x) 
coshmL 
sinh m[L - x ) 


==> — = (Tb -Ta)x —m 

dx cosh 77 íL 


We know that, 


dT 

Heat transferred, Q = -kA — 

dx 


= -kA(T„-T a ) 


x -m x 


sinh m(L - x) 


Q--kA4T t -T„)y ™ b ’f-^ 
atx = 0 

==>Q = kAm(T h -T a ) 

= kAm{Tb - ra)tanh(mL) 

IhP 

=kAx \kÃ^ Tb ~ T T mY 


cosh(mL) 



(1.79) 


Applications 

The main application of fins are 

> Cooling of electronic components 

> Cooling of motor cycle engines. 

> Cooling of small capacity compressors 

> Cooling of transformers 

> Cooling of radiators and refrigerators etc. 





Fin efficiency 


The efficiency of a fin is defined as the ratio of actual heat transferred fin to the 
maximum possible heat transferred by the fin 




Q 


fin 


Ôo 


For insulated end 


Mjm = 


tanh (/Í/L) 
mL 


Fin effectiveness 

It is defined as the ratio of heat transfer with fin to heat transfer without fin 

■—i ■ i - withfin 

Fin effectiveness, E = 

For insulated end 

Fin effectiveness, E = 


TRANSIENT HEAT CONDUCTION (OR) UNSTEADY STATE CONDUCTION 

If the temperature of a body does not vary with time, it is said to be in a steady State. But 
if there is an abrupt change in its surface temperature, it attains a steady State after some period. 



During this period the temperature varies with time and the body is said to be in an unsteady or 
transient State. 

Transient heat conduction occur in cooling of IC engines, automobile engines, boiler 
tubes, heating and cooling of metal billets, rocket nozzles, electric irons etc. 


Transient heat conduction can be divided in to periodic heat flow and non periodic heat 


flow. 


(i) Periodic heat flow 

In periodic heat flow, the temperature varies on a regular basis. 
Examples: Cylinder of an IC engine, 

Surface of earth during a period of 24 hours. 



(ii) Non periodic heat flow: 

In non periodic heat flow, the temperature at any point within the system varies non- 
linearly with time. 

Examples: heating of an ingot in a furnace, cooling of bars. 


Biot Number 

The ratio of internai conduction resistance to the surface convection resistance is known 
as Biot number. 


Biot Number = 


Intemalco nductionre sis tan ce 
Surfacecon vectionres is tan ce 

hLc 
B ; = - 


Where 


K - Thermal conductivity, W/mK 
H - Heat transfer co-efficient, W/m 


•r:_* i_ 


cr 
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L c - Characteristic length or significant length 

v i 

, r V 

Characteristic length, Lc =-= — 

SurfaceArea A 


For slab: 




x L 


Characteristic length, Lc = — = 

A 2A 



Where 


L - Thickness of the slab 




For cylinder: 


_R _ 7rR L 

Characteristic length, Rc — — — ~ 

2 2 jiRL 


Lc = — 
2 


Where 


R - Radius of cylinder 


For sphere: 


Characteristic length, R c — ~~ 

/l 


Lc * = 




cr 
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Where 


3 


R - Radius of the sphere 


For Cube: 


Characteristic length, R (: 


>1 the sphere. 


<2T 


Lc = — 

6 


Where 


L - Thickness of the cube. 






LUMPED HE AT ANALYSIS [NEGLIGIBLE INTERNAL RESISTANCE] 

The process in which the internai resistance is assumed as negligible in comparison with 
its surface resistance is known as Newtonian heating or cooling process. 

In a Newtonian heating or cooling process the temperature is considered to be uniform at 
a given time. Sueli an analysis is called lumped parameter analysis. 

Let us consider a solid whose initial temperature is T° and it is placed suddenly in 
ambient air or any liquid at a constant temperature T oo. The transient response of the body can 
be determined by relating its rate of change of internai energy with convective exchange at the 
surface. 



==>In[T-Tj 

Apply boundary conditions. 

At t = 0, T = To 

(L80) => In[T 0 - rj = 0 + C t 


- hA 

~pcy 


t + c j 


.... (1.80) 


C,=In[T 0 -T„] 












Substituting Ci value in equation (1.80) 


=> /«[r - Tj = —^ 1 + /n[r 0 - T, } 

pc P v 

=> I”[T -T.]- In[T„ - r„] = 1 

pcy 


==> /« 


y -T w 


-hA 

~pcy 


t 



Where 

TO - Initial temperature of the solid, K 
T - Intermediate temperature of the solid, K 
T x - Surface temperature of the solid (or) Finial temperature of the solid, K 
h - Heat transfer co-efficient, W/m 
A - Surface area of body 




-•(1.81) 

<2? 


Cj 


P - Density of the body, kg/m 3 
V - Volume of the body, m 3 
C p - Specific heat of the body, J/kg K. 
t - Time, s. 


Note 


1. In lumped parameter system, Biot number value is less than 0.1. 


i.e„ 


B, <0.1 ==> 


IíL 


< 0.1 




2. TO - Initial temperature, K 
T - Intermediate temperature, K 
T M - Surface temperature or Final temperature, K 

HEAT FLOW IN SEMI-INFINITE SOLIDS 

A solid which extends itself infinitely in all directions of space is known as infinite solid. 
If an infinite solid is split in the middle by a plane, each half is known as semi infinite solid. 

In a semi infinite solid, at any instant of time, there is always a point where the effect of 
heating (or cooling) at one of its boundaries is not felt at all. At this point the temperature 
remains unchanged. 



Consider a semi infinite body and it extends to infinity in the +ve x direction. The entire body is 
initially at uniform temperature Ti including the surface at x = 0 is suddenly raised to To. 

The goveming equation is 

d 2 T _ 1 dT 
dx 2 a dt 

The boundary conditions are 

> T(*,0)=7- 

> T(0,t) = T 0 fort>0 

> T(a,t)-T i fort > 0 


The analytical solution for this case is given by 





T —T 

' X 1 0 

7 - T n 


= erf 


2 -Jcã 


(1.82) 


Where erf indicates “error function of ’ and the definition of error function is generally 
available in mathematical texts. Usually tabulation of error values are available in data books. 

a - Thermal diffusivity, m2/s 

t - Time, s 

X - Distance, m 

Ti - Initial temperature, K 


TO - Surface temperature (or) Final temperature, K 
T x - Intermediate temperature, K 


B; ==> CO 


xv 


2S 


O 


fò 


1. In semi infinite solid, head transfer co-efficient or biot number value is oo. 
i.e., h ==> co 


2. Ti - Initial temperature, K 

TO - Surface temperature (or) Final temperature, K 
T x - Intermediate temperature, K 

jk 1/4 

TRANSIENT HE AT FLOW IN AN INFINITE PLATE 

A solid which extends itself infinitely in all directions of space is known as infinite solid. 

Consider an infinite flat plate of uniform thickness 2L as shown in fig. 1.15, which is initially at 
a uniform temperature of Ti. It is suddenly exposed to a large mass of fluid having a temperature 
Too. This temperature is assumed to be constant throughout the process of cooling or heating. 
The plate is extended to infinity in the y and z directions. 

The heat transfer co-efficient between the surface of the plate and the fluid on both sides 
is assumed to be constant. The center of the plate is selected as the orgin. 


The goveming differential equation is 


d 2 T _ 1 dT 
dx 2 a dx 




The boundary conditions are 


> Tt t = 0, TO = Ti 

> Ttjc =0, — = 0 

dx 

J r T' 

> Tt x = *L,kA — = hA[T 0 -T m ] 

dx 

The solution of the above differential equation with this boundary condition is given by 


T -T 

1 0 1 00 

T -T 


x hL at 
- L ’ L ’ Ü 


From this equation, we know that conduction resistance is not negligible. The 

^ fel V„„aL M 


temperature history becomes a function of biot number —- , Fourier number — and the 


<à 


dimension less parameter — which indicates the location of point within the plate where 

x v 

temperature is to be obtained. The dimensionless parameter — is replaced by — in case of 


cylinders and spheres. 

Heisler has prepared charts for graphical Solutions of the unsteady State conduction 
problems. These charts have been constructed in non-dimensional parameters. The charts are 
suitable for problems with a finite surface and internai resistance. For such case the biot number 
lies between 0 and 100. 

These heiler charts were further extended and improved by grobe. 

The heiler and grober charts are used to solve the problems of sudden immersion of plate, 
cylinder or sphere into a fluid. 


Note: For infinite solids, 


Take Ti - Initial temperature - K 
T „ - Final temperature - K 
T0 - Center line temperature - K 
T x - Intermediate temperature - K 

The infinite solids, biot number value is in between 0.1 and 100 i.e., 0.1 < B; < 100. 



1. The wall ofa cold room is composed ofthree layer. The outer layer is brick 30 cm thick. 

The middle layer is cork 20 cm thick, the inside layer is cement 15 cm thick. Temperatures of 
the outside air is 25°C and on the inside air is - 20° C. The film co-efficient for outside air and 
brick is 55.4 W / m K. Film co-efficient for inside air and cement is 17 W/m K. Find heat 
flow rate. 

Take 


k for brick = 2.5 W/mK 
k for cork = 0.05 W/mK 
k for cement = 0.28 W/mK 


Given: 


Thickness of brick, L 3 = 30 cm = 0.3 m 
Thickness of cork, Lo = 20 cm = 0.2 m 
Thickness of cement, Lj = 15 cm = 0.15 m 
Inside air temperature, T a = -20° C + 273 = 253 K 
Outside air temperature, Tb = 25° C + 273 = 293 K 
Film co-efficient of r inner side, ha = 17 W/nT K 



W = ko = 2.5 W/mK 


k cork = k 2 = 0.05 W/mK 
= ki = 0.28 W M 


0 


'-cement ■ 



Cement 

Cork 

Brick 

Inside 

ki 

k 2 

k 3 

T a 




ha 





Outside 

T b 

hb 


k—Li 


•*N- 


■l 2 —4* 


u 




To find: 


Heat flow rate (Q/A) 

Solution: 


Heat flow through composite wall is given by 


Q 


A 


Toverall 


R 


[From Equn no. 1.42 or HMT Date book page No. 43 and 44] 


Where 


A T = T a -T b 

I L, L 2 L 3 1 

R = -+ ^- + ^- + ^- + - 


h a A k { A k 2 A k 2 A h b A 


==>Q = 


[T.~T t ] 


1 Ei E E, 

-+ —— +—— +—— + 

h a A k { A k 2 A k 3 A h b A 


h b A 


h 


==> Q/ A = 


[Tg-T b ] 


* n b A 


1 /., L 1 L, T 

— + — + — + — + — 

kj k 2 k 3 h b 


==> Q/ A = 


253 - 298 


J_ 045 ^b2_ 03 J_ 
17 0.28 0.05 2.5 55.4 


Q/A = -9.5 W/nr 


The negative sign indicates that the heat flows from the outside into the cold room. 


Result: 


Heat flow rate, Q/A = -9.5 W/m 2 

2. A wall of a cold room is composed ofthree layer. The outer layer is brick 20 cm thick, the 
middle layer is cork 10 cm thick, the inside layer is cement 5 cm thick. The temperature of the 
outside air is 25° C and that on the inside air is -20° C. The film co-efficient for outside air and 
brick is 45.4 W/m K and for inside air and cement is 17 W/m K. 




Take 


k for brick = 3.45 W/mK 
k for cork = 0.043 W/mK 
k for cement = 0.294 W/mK 

Given: 



2 

Film co-efficient for outside air and brick, hb = 45.4 W/mK 
Film co-efficient for inside air and cement, h a = 17 W/m“K 
k 3 = 3.45 W/mK 
k 2 = 0.043 W/mK 


ki = 0.294 W M 




To find: 


1. Heat flow rate 

2. Thermal resistance of the wall 

Solution: 

Heat flow through composite wall is given by 

Q = Tovem " [From Equn no. (1.42) (or) HMT Date book page No. 43 and 44] 
R 

Where 


A T = T a -T b 

R = — + i^ + i + i + . 1 


h a A k { A k 2 A k 3 A h b A 

[T u -T b ] _ 


==>Q = 


==> Q/ A = 


==> Qi A = 




<ò 


1 L, L, L 3 1 

— + — L + ^ + — + — 

h a ^1 ^2 ^3 hf, 

253 - 298 

1 0.05 0.1 0.2 1 

17 0.294 0.043 3.45 45.4 


Q/A = -17.081W/m 2 


The negative sign indicates that the heat flows from the outside into the cold room. 
Thermal Resistance 


1 / . i 1 

R = -+ —A + ^- + ^- + 


h,.A k { A k 2 A k 3 A h b A 


n 1 L, L, 

==> R = — + — + ^- + 



For Unit Area 




1 


1 0.05 0.1 0.2 


-> R —-h-h-1-h 

17 0.294 0.043 3.45 45.4 


==> R = 2.634K /W 


Result: 

1. Heat flow rate, Q/A = -17.081 W/m2 

2. Thermal resistance, R = 2.634 K/W 

3. A wall is constructed of several layers. Thefirst layer consists of masonary brick 20 cm 
thick of thermal conductivity 0.66 W/mK, the second layer consists of 3 cm thick mortar of 
thermal conductivity 0.6 W/mK, the third layer consists of 8 cm thick lime stone of thermal 
conductivity 0.58 W/mK and the outer layer consists of 1.2 cm thick plaster of thermal 
conductivity 0.6 W/mK. The heat transfer co-efftcient on the interior and exterior of the wall 
are 5.6 W/m K and 11 W/m K respectively. Interior room temperature is 22° C and outside air 
temperature is -5°C. 


Calculate 


> Overall heat transfer co- 

> Overall thermal resistan 

> The rate of heat transfer 

> The temperature at the junction between the mortar and the limestone 



Given: 




O Tj O T4 



Masonary Mortar Limestone Plaster 


L 
















Thickness of masonary, Li = 20 cm = 0.20 m 
Thermal conductivity, ki = 0.66 W/mK 
Thickness of mortar, L 2 = 3 cm = 0.03 m 
Thermal conductivity of mortrar, k 2 = 0.6 W/mK 
Thickness of limestone, L 3 = 8 cm = 0.08m 


Thermal conductivity, k 3 = 0.58 W/mK 
Thickness or Plaster, L 4 = 1.2 cm = 0.012 m 
Thermal conductivity, k 4 = 0.6 W/mK 
Interior heat transfer, co-efficient h a = 5.6 W/nrK 


Exterior heat transfer co-efficient h h = 11 W/m”K 




e> 
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Inside air temperature, T a = 22°C + 273 = 295 K 




Outside air temperature, Tb = -5°C + 273 = 268 K. 


To fine: 


a) Overall heat transfer co-efficient, U 

b) Overall thermal resistance, (R) 

c) Heat transfer/m 2 , (Q/A) 

d) The temperature at the junction between the Mortar and the limestone, (T3) 


Solution: 


Heat flow through composite wall is given by 


Q 


A 


Toverall 


R 


[From Equn no. (1.42) or HMT Date book page No. 43 & 44] 


Where 



1 


AT = T - T, 


R = —+ -^ + -^ + Í + 


h a A k x A k^A Ic 3 A h b A 


==>Q = 


T , - T u 


1 


1 


==> Q/ A — 


+ - — + - — + -— + 

h a A k x A k^A k 3 A h b A 

295 - 268 


J_ (120 0.03 0.08 0.012 1 

5.6 0.66 0.6 0.58 0.6 11 


Heat transfer per unit area, Q/A = 34.56W/m“ 



We know that 

Heat transfer, Q = UA(T ci - T h ) [From equation no. 1.43| 
Where, U - overall heat transfer co-efficie: 

Q _ 

-T 1 

\\ 




fò 


==>u = 


==>u = 


Ax{T a -T h ) 
34.56 


295 - 268 


ficient 


2 

Overall heat transfer co-efficient, U = 1.28 W/nrK 


We know that, 

Overall thermal resistance (R) 
1 


R = — + Í^ + Í + Í + Í + _L 
h a A k t A k 2 A k 3 A k 4 A h b A 


For unit Area 


1 / . 1 Zj, f, Z.. 1 

R = — + —+ ^ + —+ —+ — 


K K k 2 k 3 k 4 K 


1 0.20 0.03 0.08 0.012 _1_ 

5.6 0.66 0.6 0.58 0.6 11 





R= 0.78 K/W 


Interface temperature between mortasr and the limestorn, T3 
Interface temperatures relation 








t 2 -t, 

==> Q = -2 - 1 

R, 


278.3 -T 3 
k 2 A 


v R, = 


k 2 A 


278.3 - T, 
e/A = —-— 1 


278.3 - r, 
34.56= 3 


0.03 

0.6 


T3=276.5 K 


9o 


Temperature between Mortar and limestone (T 3 ) is „.,K 



Result: 

> Overall heat transfer co-efficie 

> Overall thermal resistance, R 

> Heat transfer, Q/A = 34.56 W/m 2 

o 

> Temperature between mortar and limestorne, (T ) = 276.5 K 

4. An insulated Steel pipe carrying a hot liquid. Inner diameter of the pipe is 25 cm, wall 
thickness is 2 cm, thickness of insulation is 5 cm, temperature of hot liquid is 100°C, 
temperature of surrounding is 20°C, inside heat transfer co-efficient is 730 W/m K and outside 
heat transfer co-efficient is 12 W/m K. Calculate the heat loss per meter length of the pipe. 

Take k ste ei = 55W/mK, ki nsu i a ting material = 0.22 W/mK 

Given: 



Tè 

h b 



















Inner diameter, dj = 25 cm 
Inner radius, ri = 12.5 cm 

ri = 0.125 m 

Radius, X 2 = ri + thickness of wall 


0.125 + 0.02 


r 3 = 0.195 


Temperature of hot liquid, T a = 100°C + 273 
T a = 373 K 

Temperature of surrounding, T b = 20°C + 273 
T h = 293 K 


Inside heat transfer co-efficient, h a = 730 W/rrTK 


Outside heat transfer co-efficient, h b = 12 W/rrrK 


cr 
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ksteei = 55 W/mK 


b = 1Z VV/I 

Pv 


1 / IIJLJLV 

kinsulation : '-22 W/mK 


o 





To find: 

Heat loss per metre length 
Solution: 

Heat flow through composite cylinder is given by 


Q 


A 


Toverall 


R 


[From Equn no. 1.48 or HMT Date book page No. 43 & 44] 


Where 





A T = T a -T b 


R = 


2 kL 


K r i 


■ + 



r-i 


r-i 

In 


In 



r. 


r. 



+ — 



H- 

k 2 h b r 3 


==>Q = 


T. -T, 


2 kL 


In 


K r i 


- + 


r-i 


r. 


In 


r t 


r. 


+ — 



+ 


V3 



5. Air at 90°C flows in a copper tube of 5 cm inner diameter with thermal conductivity 380 
W/mK and with 0.7 cm thick wall which is heated from the outside by water at 120°C. a scale 
of 0.4 cm thick is deposited on the outer surface of the tube whose thermal conductivity is 1.82 
W/mK. The air and water side unit surface conductance are 220 W/m K and 3650 W/m K 
respectively. Calculate 

> Overall water to air transmittance 

> Water to air heat exchange 

> Temperature drop across the scale deposit. 


Given: 



water 














































Inner air temperature, T a = 90° + 273 



Inner diameter of the copper, di = 5 cm 
Radius, ri = 2.5 cm 

ri = 0.025 m 

Thermal conductivity, kl = 380 W/mK 



To find: 

1. Overall heat transfer co-efficient, U 

2. Water to air heat transfer, Q 

3. Temperature drop across the scale deposit, (T 3 - T 2 ) 

Solution: 


Heat flow through composite cylinder is given by 






Q 


A 


Toverall 


R 


[From Equn no. (1.48) or HMT Date book page No. 43 & 45] 


Where 



[Negative sign indicates that heat flows from outside to inner side] 
We know that, 


Heat transfer, Q = UA AT 
Where 


U - Overall heat transfer co-efficient 
A - Area = 2^r 3 L 


Ar = T a -T b 




==>Q = Ux 2m\L x (T a - T h ) 

Q / L = Ux2m- 3 x{T a -T b ) 

==> -739.79 = U x 2 x n x 0.036 x (363 - 393) 

==> U = 109.01 W/m 2 K 

2 

Overall heat transfer co-efficient, U = 109.01 W/nrK 

Interface temperatures 







==> 


T 2 -T 3 = -7.6K 


==> 


T,-L = 7.6K 


Temperature across the scale deposit, T3 - T2 = 7.6 K 


Result: 

1. Overall heat transfer co-efficient, U = 109.01 W/m2K 

2. Heat exchange, Q/L = -739.79 W/m 

[Negative sign indicates that heat flows from outside to inner side] 

3. Temperature drop across the scale deposit, 

T 3 -T 2 = 7.6 K 

6. An electrical wire of 10 m length and 1 mm diameter dissipates 200W in air at 25°C. The 
convection heat transfer co-efficient between the wire surface and air is 15W/m K. The 
thermal conductivity of wire is 0.582 W/mK. Calculate the criticai radius of insulation and 
also determine the temperature of the wire if it is insulated to the criticai thickness of 
insulation. 


Given: 



x 10 m 


Length of the wire, L = 10 mm 
Diameter of the wire, d = 1 mr 
Radius of the wire,j: = 0.| 

Heat transfer, 

Surrounding temperature, Tb = 25°C + 273 = 298 K 
Convection heat transfer co-efficient between the wire surface and air, h b = 15 Wm'K. 
Thermal conductivity of wire, k = 0.582 W/mk 









To find: 


1. Criticai radius of insulation, r c 

2. Temperature of wire, T a 

Solution: 

We know that, 

k 

Criticai radius of insulation, r c = — 

n 


0.582 

15 



0.146 


==> 


T a = 327.28 K 


Result: 


1. Criticai radius of insulation, r c = 0.0388mm 

2. Temperature of the wire, Ta = 327.28 K (or) 54.2°C. 





7. A wire of 6 mm diameter with 2 mm thick insulation (K = 0.11 W/mK). If the convective 
heat transfer co-efficient between the insulating surface heat transfer co-efficient between the 
insulating surface and air is 25 W/m2K, find the criticai thickness of insulation and also find 
the percentage ofchange in the heat transfer rate if the criticai radius is used. 

Given: 


di = 6 mm 
ri = 3 mm 

r 2 = ri+2 = 3+2 = 5 mm = 0.005 m 


k = 0.11W / mK 



r c = 4.4 x 10 3 m 


Criticai thickness, t c = r c - ri 

= 4.4 x IO' 3 m 


a 

Criticai thickness, t c = 1.4 x 10' m (or) 1.4 mm 


2. Heat transfer through an insulated wire is given by 











1 



Heat flow through an insulated wire when criticai radius is used is given by 



Percentage of increase in heat flow by using 


Criticai radius = ——— x 100 

QX 


— -x 100 

12.57 12.64 

1 

12.64 


0.55% 



Result: 


1. Criticai thickness, tc = 1.4x IO' 3 

2. Percentage of increase in heat transfer by using criticai radius = 0.55% 

8. An electric current is passed through a composite wall made up of two layers. First layer is 
Steel of 10 cm thickness and second layer is brass of 8 cm thickness. The outer surface 
temperature of Steel and brass are maintained at 120°C and 65°C respectively. Assuming that 
the contact between two slab is perfect and the heat generation is 1, 65,000 W/m3. 

Determine: 

1. Heat flux through the outer surface of brass slab 

2. Interface temperature. 



Thickness of Steel, Lj = 10 cm = 0.10 m 
Thickness of brass, L 2 = 8 cm = 0.08 m 


Surface temperature of Steel, TI = 120°C + 273 = 393 K 
Outside surface temperature of brass, T 3 = 25° C + 273 = 293 K 
Heat generation, qg = 1, 65,000 W/m3 
ki = 45 W/mK 


k 2 = 80 W/mK 






To find: 

1. Heat flux through the surface of the brass slab, q2 

2. Interface temperature, T2. 

Solution: 

Let 


qi - Heat flux through the surface of the Steel slab 
q 2 - Heat flux through the surface of the brass slab 
Heat generation q g = qi + q 2 
Heat transfer through Steel, 

AT 


( 1 ) 


Gi = 
Q 1 = 


R 

t,-t 2 

h_ 

k.A 


kA 


Let interface temperature T2 is greater than 
T n -T 



<ú 

Heat transfer through brass is given by 


tf* 




e> 
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( 2 ) 


Ô 2 = 


( 3 ) 


k^A 


Total heat transfer [Adding (2) + (3)] 






Q\ - Q\ + Qi 
QX = 


■ + ■ 


k x A 


k 2 A 


77 -T, 77 - 77 

Qt A = — -^ + ^-- 


k i k 2 


Heat flux (or) Heat generation 


T 2 -T x 77 -77 
qg — Q / A= + 


q s = 


k { k 2 

T - 393 77 - 338 

■ + ■ 


0.10 

45 


==> 1,65,000 = 


0.08 
80 
T 2 - 393 
2.2 x 10~ 3 
393 

-r- -H 


+ 


\0 


6 


i „ i' 


1 V7 


338 


2.2 x 10 2.2 x 10 1 x 10 1x10 

= T 2 [454.54 +1000] -1,78,636.3 - 338000 
= 77 [1454.54] -[5,16,636] 

==> 1,65,000 + 5,16,634=^ [1454.5] 

==> t = 468 


-3 


Interface temperature, T 2 = 468.6K 


Heat transfer through Steel, is given by 




r„ -T, 


QJA = 


n -t, 


==> <?, = ■ 


468.6-393 


qi=34020 W/m 1 2 * 


From equation (1) 


Heat generation, qg = qi+ q 2 
1,65,000 =34.020 +q2 
q 2 = 1,65,000-34.020 
q 2 = 1, 30,980 W/m 2 


Result: 


s? 


cr 
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Heat flux through the 

Surface of the brass slab, q2 = 1, 30,980 W/m 2 
Result: A. 

(i) q 2 = 1,30,980 W/m 2 

(ii) T 2 = 468.6 K. 

9. A copper wire of 40 mm diameter carries 250 A and has a resistance of 0.25 xlO ' 4 Q 
cm/length surface temperature of copper wire is 250°C and the ambient air temperature is 
10°C. If the thermal conductivity of the copper wire is 175 W/mK, calculate 

1. Heat transfer co-efficient between wire surface and ambient air. 


2. Maximum temperature in the wire. 


Given: 


Diameter, d = 40 mm = 0.040 m 


Radius, r = 20 mm = 0.020 m 


Current, I = 250A. 




Resistance, R = 0.25 x 10-4 Q cm/length 
Surface temperature, T w = 205°C + 273 = 523 K 
Ambient air temperature, = 10°C + 273 = 283 K 
Thermal conductivity, k = 175 W/mK 
To find: 

1. Heat transfer co-efficient, h 

2. Maximum temperature, T max . 


Solution: 

Heat transfer, Q = I 2 R 

= (250)2 x (0.25 x IO' 4 ) 
= 1.562 W/cm 
= 1.56 xlO 2 W/m 
= 156W/m 

We know that. 


TT , Q 156 

Heat generated, q = — = --- 

V 7rxr x L 




cr 
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156 


q = 


n x (0.020) 2 x 1 


q = 124140W/nr 


We know that, 

Maximum temperature 

2 

Lx = T w + [ prom Equn no. (1.62)] 

4 k 

_ 523 124140 x(0.020) 2 
4x175 

= 523.07 K. 

Tmax = 523.07 K. 





We know that, 


Surface temperature, T w = T x + — 

2 h 


[From Equn no.(1.65)] 


523 = 283 + 


0.020x124140 

2 x h 


==> 


h = 5017 W/m2K. 


Result: 


1. Heat transfer co-efficient, h = 5.17 W/m“K 

2. Maximum temperature, T max = 523.07 K. 


f r 


10. An aluminum alloy fin of 7 mm thick and 50 mm long protrudes from a wall, which is 
maintained at 120°C. The heat transfer coefficient and conductivity of the fin material are 
140W/m2K and 55 W/mK respectively. Determine 


1. Temperature at the end of the fin. 

2. Temperature at the middle of the fin. 

3. Total heat dissipated by the fin. 

Given: 

Thickness, t = 7 mm = 0.007 m 
Length, L = 50 mm = 0.050 m 


mine 

l"\ v 

the fin. 


Base temperature, Tb = 120°C + 273 = 393 K 
Ambient temperature, T k = 22° + 273 = 295 K 


Heat transfer co-efficient, h = 140 W/m K 


Thermal conductivity, k = 55 W/mK. 

To find: 

1. Temperature at the end of the fin. 

2. Temperature at the middle of the fin 

3. Total heat dissipated by the fin. 




Solution: 


Since the length of the fin is 50 mm, it is treated as short fin. Assume end is insulated. 
We known that, 

Temperature distribution [Short fin, end insulated] 

T ~T n _ cosh m[L- x] 

T b ~ T * cosh (mL) 

[From HMT data book page no. 49] 










( 2 ) ==> ■ 


T-T 


1 


==> 


==> 


L b 

T-T, 


T x cosh(26.9x 0.050) 

1 


2.05 


T - 295 


1 


393 - 295 2.05 

=>T- 295 = 47.8 


==> 


T = 342.8 K 


Temperature at the end of the fin, T x = L = 342.8 K 


ii) Temperature at the middle of the fin. 

Put x = LI 2 in Equation (1) 

T -T x cosh/ízfL - L/2] 


(D==> 


h(/7/L) 


==> 


==> 


T~T 00 
T b ~T x 
T - 295 


COS 


cosh26.9 0.05 






cosh[26.9 x (0j 


0 -^ 


1.234 


==> 


393 - 295 2.04 

T- 295 
393 - 295 



T = 354.04 K 


Temperature at the middle of the fin 


T x __ l/2 = 354.04K 


iii) Total heat dissipated 

[From HMT data book page no. 49] 

2 = (LPM)%-rJtanh(mL) 

= [l40 x 0 .lx 55 x 3.5 x 10 4 x (393 - 295)x tanh(26.9x 0.050) 
Q = 44.4 W 








Result: 


1. Temperature at the end of the fin, T x=l = 342.8 K 

2. Temperature at the middle of the fin, T x=L/2 = 354.04/6 

3. Total heat dissipated, Q = 44.4 W 

11. Ten thin brass fins (k=100 W/mK), 0.75 mm thick areplaced axially on a 1 m long and 60 
mm diameter engine cylinder which is surrounded by 27°C. The fins are extended 1.5 m from 
the cylinder surface and the heat transfer co-efficient between cylinder and atmospheric air is 
15 W/m2K. Calculate the rate of heat transfer and the temperature at the end of fins when the 
cylinder surface is at 160°C. 


Given: 


Number of fins =10 
Thermal conductivity, k = 100 W/mK 
Thickness of the fin, t = 0.75 x 10" 3 m 
Length of engine cylinder, L cy = 1 m 


Diameter of the cylinder, d = 60 mm = 0.060 m 

i <• 




<Ò 


27°C + 273 = 300 K 


Atmosphere temperature, T 
Length of the fin, Lf = 1.5 cm = 1.5 x IO' 2 m 
Heat transfer co-efficient, h = 15 W/nTK 
Cylinder surface temperature 


OrW 

base temperature, Tb = 160°C + 273 = 433 K 


To find: 


1. Rate of heat transfer Q 

2. Temperature at the end of the fin 


Solution: 


Length of the fin is 1.5 cm. So, this is short fin. Assuming that the fin end is insulated 




= 35° C 


We know that, 

Heat transferred, Q = (liPkA)' 2 ÍT h - T r )tanh(inL f ) 

[From HMT data book page no.49 

Where 

P - Perimeter = 2 xLength of the cylinder 
= 2x1 



P = 2 


A - Area = length of the cylinder : x ti 


lx0.75x ÍCT m 




5 ? 


õ 


m = 



15x2 


100x0.75x10 


20 = m 


-i 







































(D =>Q, =(hPkA)%(T b -Tjtmh(mL f ) 

= [l5 x 2 x 100 x 0.75 x 10~ 3 P x (433 - 300) x tanh(20 x 1.5 x 10" 2 ) 
Q l =1.5x133x0.29 
Q l =58.1W 


Heat transferred per fin = 58.1 W 

Heat transferred for 10 fins = 58.1 x 10 = 581W 

Oi =581 W 

Heat transfer from un finned surface due to convection is 


( 2 ) 


Q 2 = hAAT 

= hx (miL cy -ÍO x t x Lf\T b - T x ) 


fo 


[ v Area of unfinned surface = Area of cylinder - Area of fin] 

: 15 X [(tt X 0. 060 Xl)-(l0x 0,75 X 10’ 3 x 1.5 x 10 2 )][433 - 300] 
Q2 = 375.8 W 


So, total heat transfer, Q = Qi + Q 2 

Q = 581 + 375.8 


r> 


Total heat transfer, Q = 956.8 W 


VV 

....4-:..... i .. 


We known that, 

Temperature distribution [short fin, end insulated] 
T-T. 


==> 


T, -T 


coshm[L f -xj 
sh (mLj ) 


cost 


(3) 


[From HMT data book page no.49] 


We need temperature at the end of fin, so, put x = L 






T -T x _ cosh m[L - L,\ 


T b -T x 

T-T. 


cosh \mL, 


T b - T x (cosh 20 x 1.5 x 10 


Tu -T. 


==> T-T = 


T -T 

==> T = T+ — -- 

0.95 


= 300 + 


433 - 300 


T = 440 K 


Result: 




e> 


<ò 


1. Heat transfer, Q = 956.8 W 

2. Temperature at the end of the fin, T = 440K. 

12. An aluminum plate (k = 160 W/m°C, p = 2790 kg/m3, Cp = 0.88 KJ/kg°C) of thickness L 
= 3 cm and at a uniform temperature of 225°C is suddenly immersed at time t = 0 in a well 
stirred fluid maintained at a constant temperature T x = 25°C. Take h = 320 W/m 2 C. 
Determine the time required for the centre of the plate to reach 50°C. 


Given: 


cenire o. 


Thermal conductivity of aluminum, k = 160 W/m°C 
Density, p = 2790 kg/m 3 

Specific heat, C p = 0.88 KJ/kg°C = 0.88x 10 3 J/kg°C 
Thickness, L = 3 cm = 0.03 m 
Initial temperature, T0 = 225°C + 273 = 498 K 
Final temperature, T w = 25 °C + 273 = 323 K 


Heat transfer co-efficient, h = 320 W/m2°C 


To find: 

Time (t) required to reach 50°C. 




Solution: 


We know that, For slab. 


L 


Characteristic length, L . 

e 0.03 


2 


L c = 0.015 m 


Biot number B; = 


hL 


320x0.015 

160 


Bj = 0.03 <0.1 




e> 


fò 


Biot number value is less than 0.1. So, this is lumped heat analysis type problem. 
For lumper parameter system. 


T-T 


T -T 

1 0 1 OO 


We know that. 


= e 


-ÍíA 

-x 

CpxVxp 


[From HMT data book page no.57] 


Characteristics length, ^ £ . = — 



-hA 


CpxVxp 


-320 xt 

0.88x10 3 x0.015x2790 


T-T 

(1) ==> — —Z 7 - = e 
T () -T x 

323 - 298 _ 

498 - 298 ~ 6 

==> /«(0.125)= — 

0.88 x 10 J x 0.015 x 2790 

==> -2.079 = -0.00868í 


320 x t 


t = 239.26 s 





Result: 


Time required to reach 50°C is 239.26 s. 

13. A Steel bali (specific heat = 0.46 kJ/kgK. and thermal conductivity = 35 W/mK) having 5 
cm diameter and initially at a uniform temperature of 450°C is suddenly placed in a control 
environment in which the temperature is maintained at 100°C. Calculate the time required of 
the bali to attained a temperature of 150°C. 

Take h = 10 W/m 2 K 

Given: 


Specific heat, C p = 0.46 kj/kg K = 460 J/kg K 
Thermal conductivity, k = 35 W/mK 
Diameter of the sphere, D = 5 cm = 0.05 m 
Radius of the sphere, R = 0.025 m 
Initial temperature. To = 450°C + 273 = 723 ] 




fò 


Final temperature, T k = 100°C + 273 = 373 K 
Intermediate temperature, T = 150°C + 273 = 423 K 


2 

Heat transfer co-efficient, h = 10 W/m K 


10 


To fine: 


Time required for tl dl tõ reach 150°C 


Solution: 

Density of Steel is 7833 kg/m J 




p = 7833 kg/ m 3 


For sphere, 


Characteristic length, L c = 


R 

3~ 

0.025 


3 




We know that, 


L c = 8.33 x 10' 3 m 


Biot number, B, = = 


hL„ 


_ 10 x 8.3 x 1(T 3 
35 

B i = 2.38 x 10~ 3 <0.1 

Biot number value is less than 0.1. So, this is lumped heat analysis type problem. 
For lumped parameter system, 

T-T,, 

[From HMT data book page no.57] 


T -T 

1 0 1 ao 


= e 


We know that. 


Characteristics length, L = — 

A 


T-T 

( 1 ) ==>-2L = e 

T —T 
1 0 j' 00 


A 

Çr 


==> 


==> In 


423 - 373 _ 
723 - 373 ~ ^ 
423 - 373 


-10 


460x8.33xHr J x7833 


10 


723-373 460 x 8.33 x 10 3 x 7833 


xt 


=> 


t = 5840.54 s 


Result: 

Time required for the bali to reach 150°C is 5840.54s. 

14. A large wall 2 cm thick has uniform temperature 30°C initially and the wall temperature 
suddenly raised and maintained at 400 °C. Find 

1. The temperature at a depth of 0.8 cm from the surface of the wall after 10 s. 





2. Instantaneous heat flow rate through that surface per m 2 per hour. 
Take a = 0.008 m 2 /hr, k = W/m °C. 

Given: 

Thickness, L = 2 cm = 0.02 m 
Initial temperature, Ti = 30°C + 273 = 303 K 
Surface temperature, T 0 = 400°C + 273 = 673 K 
Thermal diffusivity, a = 0.008 m 2 /h 


= 2.22 x 10' 6 m 2 /s 


Thermal conductivity, k = 6 W/m°C. 


Case (i) 


Depth, x = 0.8 cm = 0.8 x 10-2 m 
= 0.008 m 
Time, t = 10 s 


Case (ii) 

Time, t = 1 h = 3600 s 
To find: 


1 — -'WVV u 


0 






cr 


h 


1. Temperature (T r ) at a depth of 0.8 cm from the surface of the wall after 10s. 

2. Instantaneous heat flow rate (q x ) through that surface per hour. 

Solution: 

In this problem heat transfer co-efficient h is not given. So take it as oo. i.e., h 4 


Biot number, Bi = 



h = co 


h = oo 


We know that, 




==> 


Bi value is oo. So, this is semi infinite solid type problem. 
Case (i) 

For semi infinite solid, 


T -T 

1 x 1 0 

T -T 

1 i 1 o 




Z = 0.848, corresponding erf (Z) is 0.7706 


==> 


erf (Z) = 0.7706 


[Refer HMT data book page no. 59] 






0.7706 


T -T 

(!)==> x 0 


==> 


==> 


T -T 

1 i 1 O 

T x - 673 
303 - 673 
T x - 673 
-370 


= 0.7706 

0.7706 


T x = 387.85 K 

Case (ii) 

Instantaneous heat flow 

<h 

t = 

6(673 - 303) 

==> q x = , == 

yj7T x 2.22 x 10 6 X 

__vv 

q x = 13982 . 37 # Tm 2 

Result: 

Intermediate temperature, Tx = 387.85 K 
Heat flux, q v = 13982.37 W/m 2 

15. A semi infinite slab of aluminum is exposed to a constant heat flux at the surface of 0.25 
MW/m . Initial temperature of the slab is 25°C. Calculaie the surface temperature after 10 
minutes and also find the temperature at a distance of 30 cm from the surface after 10 
minutes. 




Heat flux, q 0 = 0.25 MW/m 2 

q 0 = 0.25 x 10 6 W/m 2 


Given: 





Initial temperature, Ti = 25°C + 273 = 298 K 
Distance, x = 30 cm = 0.30 m 
Time, t = 10 minutes = 600 s 
To find: 

1. Surface temperature (TO) after 10 minutes. 

2. Temperature (T ^) at a distance of 30 cm from the surface 


Solution: 



T -T 

1 x 1 0 

T -T 

1 i 1 o 


= etf(z) 


( 2 ) 


Where 












Convective Heat Transfer 


2.1. DIMENTIOIMAL ANALYSIS 

Dimensional analysis is a mathematical methods which makes use of the study of the 
dimensions for solving several engineering problems. This methods can be applied to all types 
of fluid resistances, heat flow problems and many other problems in fluid mechanics and 
thermodynamics. 

2.1.1. Dimensions 


In dimensional analysis, the various physical quantities used in fluid phenomenon can be 
expressed in terms of fundamental quantities. These fundamental quantities are mass (M), 
length (L), time (T), and temperature (0) 


The dimensions of commonly used quantities in heat transfer analysis is listed in 
Table2.1 with reference to ML0T where 




Temperatuic; 
Time. 



- = LT 

T 


-i 


1 



Table 2.1. 


■ 

Quantity 

No. 

E9 

Length 

2. 

Area 

3. 

Velocity 

n 

Acceleration 

5:‘ 

Mass 

B 

Density 

B 

Force 

8. 

Pressure 

9. 

Work 

10. 

Torque 

11 . 

Power 

12. 

Kinematic viscosity 

13. 

Discharge 

14. 

Heat 

15. 

Heat transfer coefficient 

16. 

Thermal conductivity 

17. 

Thermal diffusivity 

18. 

Specific heat 

19. 

Heat transfer rate 

20. 

Coefficient of expansion 


Symbol Units (SI) 


Dimensions 
(M, L, T, 0 
system) 



2.1.2. Buckingham nTheorem 

A more general situation in which dimensional analysis may be profitably employed is 
one in which there is no governing differential equation clearly applies. In such a situation, a 
more general procedure is required which is known as Buckingham n theorem. 
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Buckingham ti theorem States as follows. 

"If there are n variables in a dimensionally homogeneous equation and if these contain 
m fundamental dimensions, then the variables are arranged into (n - m) dimensionless terms. 
These dimensionless term are called ti terms." 


2.1.3. Advantages of Dimensional Analysis 


1. If expresses the functional relationship between the variables in dimensionless 
terms. 

2. It enables getting up a theoretical solution in a simplified dimensionless form. 

3. Design curves, by the use of dimensional analysis, can be developed from the 
experimental data or direct solution of the problem. 

4. The result of one series of tests can be applied to a large number of other similar 
problems with the help of dimensional analysis. 


2.1.4. Limitations of Dimensional Analysis 




O 


I . I I I V— I ' 

& 


1. The complete information is not provide - 1 by dimensional analysis. It only indicates 
that there is some relationship be . ;en the parameters. 

2. No information is given about the internai mechanism of the physical phenomenon. 

3. Dimensional analysis does not give any clue regarding the selection of variables. 


2.2. DIMENSIONLESS NUMBERS AND THEIR PHYSICAL SIGNIFICANCE 
2.2.1. Reynolds Number (Re) 


< 


It is defined as the ratio 




inertia force to viscous force. 


Re 


Inertia Force 
Viscous Force 




pU 2 L 2 



0 UL 



UL 

Re 

= 

— 



V 

Where 

U 

Velocity, m/s. 


L 

Length, m. 


...( 2 . 1 ) 


3 



Kinematic Viscosity, m 2 /s. 


0 

V = - - 

P 

Reynolds number, is therefore, a measure of relative magnitude of the inertia force to 
the viscous force occurring in the flow. 

2.2.2. Prandtl Number (Pr) 


lt is the ratio of the momentum diffusivity to the thermal diffusivity. 


Pr 


Momentum diffusivity 
Thermal diffusivity 


0 Cr, 


Where 


Pr 

V 

a 


v 

a 


Kinematic Viscosity, m /s, 
Thermal diffusivity, m /s 


e> 


9o 


...( 2 . 2 ) 


Prandtl number provides a measure of the relative effectiveness of the momentum and 
energy transport by diffusion. 


2.2.3. Nusselt Number (Nu) 






lí 


lt is defined as the ratio of the heat flow by convection process under an unit temperature 
gradient to the heat flow rate by conduction under an unit temperature gradient through a stationary 
thickness of L metre. 

Nusselt Number (Nu) = -- - - Ar 


Rconv 

Rconv 


k A 


h 

— 


(Nu) 


hL 

k 


...(2.3) 


Where h 

L 
K 


Heat transfer coefficient W/m 2 k, 
Length,m, 

Thermal conductivity, W/mK. 


The Nusselt number is a convenient measure of the convective heat transfer coefficient. 
For a given value of the Nusselt Number, the convective heat transfer coefficient is directly 
proportional to thermal conductivity of the fluid and inversely proportional to the significant 
length. 


4 



2.2.4. Grashof Number (Gr) 


lt is defined as the ratio of product of inertia force and buoyancy force to the square of 
viscous force. 


Gr 


Inertia force x Buoyancy force 
(Viscous force ) 2 


Gr 


pU 2 L 2 x pfBgATL 3 
(0UL) 2 


Where 


Gr 

P 

L 

V 

A T 


g p 2 [3L3AT 
0 2 


g x p x L3 x AT 


Coefficient of expansion, 
Length, m, 

kinematic viscosity,. m z /s, 
Temperature difference, K. 




fò 


...(2.4) 


Grashof Number has a role in free convection similar to that played by Reynolds number 
in forced convection. 


2.2.5. Stanton Number 


,ber (St) 

of M11ccolt Mi i 


<õ 


lt is the ratio of Nl selt Number to the product of Reynolds number and Prandtl 


Number. 


St = 


Nu 


k 


Re x Pr UL P C_ 
- x -f— 

hh 

k 


St = 


pUL MÇg 

p X * 

h 


PUC, 


5 



2.2.6. Newtonion and Non-Newtonion fluids 


The fluids which obey the Newton's law of viscosity are called the Newtonion fluids and 
those which do not obey are called non-newtonion fluids. 

2.2.7. Laminar Flow 


Laminar flow is sometimes also called stream line flow. In this type of flow, the fluid 
moves in layers and each fluid particles follows a smooth and continuous path. The fluid 
particles in each layer remain in an orderly sequence without making with each other. 


2.2.8. Turbulent Flow 


In addition to the laminar type of flow, a distinct irregular f !ow I frequently observed in 
nature. This type of flow is called turbulent flow. The path of any individual particles is Zig-Zag 
and irregular. Fig 2.1 shows the instantaneous velocity in laminar and turbulent flow. 


2.3. Boundary layer concept 



Fig. 2.1. 


The concept of a boundary layer as proposed by Prandtl forms the starting point for the 
simplification of the equation of motion and energy. 

When a real fluid i.e., Viscous fluid, flows along a stationary solid boundary, a layer of 
fluid which comes in contact with the boundary surfaces. Thus the layer of fluid which cannot 
slip away the boundary surfaces and undergoes retardation. This retarded layer further causes 
retardation for the adjacent layer of the fluid. So, small region is developed in the immediate 
vicinity of the boundary surfaces in which the velocity of the flowing fluid increases rapidly from 
zero at boundary surfaces and approaches the velocity of main stream. 


6 



The layer adjacent to the boundary is known as boundary layer. Boundary layer is 
formed whenever there is relative motion between the boundary and the fluid. 

In this concept, the flow over a body is divided into two regions. 

1. A thin region near the body called the boundary layer, where the velocity and 
temperature gradients are large. 

2. The region outside the boundary layer where velocity and temperature gradients are 
very nearly equal to their free stream values. 
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2.4. CONVECTION 


Convection is a process of heat transfer that will occur between a solid surface and a 
fluid médium when they are at different temperatures. 

2.4.1. NewtoiVs Law of Convection 


Heat transfer from the moving fluid to solid surfaces is given by the equation, 

Q. ~ h A (T|/y - Too) 

This equation is referred to as Newton's Law of cooling. 

Where, h = Local heat transfer coefficient in W/m 2 K, 

A = Surface area in m 2 , 

T w = Surface (or) Wall temperature ir K, 


2.4.2. Types of Convection 


1. Free Convection, 


2.4.3. Free (or) Natural Convection 


2. Forced convection. 


Temperature of the fluid in i£ v 

xv 

xÇy' 


... 


If the fluid motion is produced due to change in density resulting from temperature 
gradients, the mode of heat transfer is said to be free or natural convection. 


2.4.4. Forced Convection 


If the fluid motion is artificially created by means of an externai force like a blower or 
fan, that type of heat transfer is known as forced convection. 


2.5. THE LOCAL AND AVERAGE HEAT TRANSFER COEFFICIENTS FOR FLAT PLATE - 
LAMINAR FLOW 


At the surface of the flat plate, heat flow may be written as 

9 = ? - MT„-T„) 


UWv-( 


...( 2 . 6 ) 


8 



We know that. 




= T w -T ao x'\^j — x x~ m x 0.332 x Pr 0 - 333 


(T w -TJx 



U 

v 


“ xx l/2 xr 


1 x 0.332 (Pr) 0 33 fo 

= T„-T„x xj X 0.332 X (Pr) 033 - 1 

X -\J^ X 0.332 (Pr) 0333 

Substituting (g) 




T -T 

1 IV 1 00 


in equation (2.6), 


( 2 . 6 ) 


A - -*( g ),. 0 

^ * x x x 0 332 x (Pr) 0 333 


x 

? = 0.332 x * X (T„, - T„) (Re) 1 ' 2 x (Pr)» 333 


[••• Re = ! 7] 


h x (T w - TJ = 0.332 x * (T„ - TJ x (Re)® 5 (Pr)° 333 


/i = 0.332 x - x (Re) 0 5 (Pr) 0333 

■* X * 


9 



We know that. 


Local heat transfer 
coefficient, h x 


= 0.332 x - (Re) 05 (Pr) 0333 


(2.7) 


We know that. 

Local Nusselt 1 _ h x x 
number, Nu,J “ k 


Nu, - 


0.332 x ~ (Re) 0 5 (Pr)° 333 x x 


Local Nusselt 
Number Nu v 


= 0.332 (Re) 05 (Pr) 0333 


( 2 - 8 ) 


The average heat transfer coefficient, h is given by 
L 


h = r \ h x dx 


S‘ 

0 

L 


= l J 0.332 x j (Re) 0 5 (Pr) 0 - 333 dx 

o 

L 

i ( u \o.5 — \\ r I 

= x 0.332 x k x í — J x (Pr)° 333 x J ~ x ( x ) 0 5 dx 

o 

L 

1 S&f U 'NO.s r 

= ^ x 0.332 x /fcx í — J (Pr )° 333 x J jr 1 x x° 5 dx 

o 

= X k.x J 5 X ( Pr ) 0 333 X J*- 05 dx 

(EMWW” 




e» 


fò 


o 


0.332 

0.5 
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= 0.664 (Re) 05 (Pr)°333 v Re = ^ 


... (2.9) 


We know that, 

hL 

Average Nusselt Number, Nu = — 

k 


Nu = 


0.Ó64 ( L ) ( Re )0 5 ( Pr )° 333 x L 


Nu = 0.664 ( Re )° 5 ( Pr)° 333 


Average Nusselt 
number, Nu 


From equation (2.7) and (2.9), we know that 

h - 2 h r 


0.664 ( Re )° 5 ( Pr)° 333 

O 


tSJ 


e» 


fò 




2.6. THE LOCAL AND AVERAGE HE AT TRaMSFER COEFFICIENTS FOR FLAT PLATE - 
TURBULENT FLOW 

The heat transfer coefficient for turbulent flow can be derived by using Colburn analogy. 
For colburn analogy, we know that, 

St x (Pr)2/3 = ^ = 0^92 (ReJ _o .2 

[From HMT data book, PageTJo.t 13 (Sixth Edition)] 


St x ( Pr ) 2/3 = 

0.0592 

2 

(Re ,)" 02 

Nu x 




Re x Pr 

x [ Pr ] 2/3 = 

0.0296 

(Re ,)" 02 

Nu„ 




Rí ’ 1 

( Pr )- 1/3 = 

0.0296 

(Re ,)" 02 

Nu, 

(Pr)- 1/3 = 

0.0296 

x ( Re, ) ( 


Nu x = 

0.0296 

oo 

O 

/-N 

V* 

oC 
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Local Nusselt 
Number, Nu x 


= 0.0296 ( Re )° 8 ( Pr)° 333 


...( 2 . 11 ) 


We know that. 


Nu, = 


h r x 


h r x 


~Y = 0.0296 ( Re, )° 8 ( Pr)° 333 

0.0296 ( Re, )° 8 x ( Pr)° 333 x k 


h r = 


h x = 0.0296 - ( Re v ) 08 (Pr ) 0 333 


Local heat transfer 
coefficient, h x 


0.0296 - ( Re..) 08 ( Pr) 0333 


The average heat transfer coefficient, h is given by 


h = j~' j h y dx 

- I j 0-0296 (* j I Re, )»> ( Pr )»->« dx 


$ 


cr 


9o 


...( 2 . 12 ) 


= r í 0.0296 x I - | x 
L J \x 




r )° 333 dx 


Re = 


to 


0.0296 fU>o.8 rí l\ 

xk x í (Pr)» 333 J í jJxjt 0 -* dx 


L 


0 


, - , , u>* 

= 0.0296 x r x - 
L ) \ v 


(Pr) 0 333 Jx~ 02 dx 


í k\ ÍV >0.8 

= 0.0296 x f — J x í — J x (Pr) 0333 


( k > Í\J >0.8 

= 0.0296 x I - J x í -J x (Pr) 0 333 


*- 02+l 

- 0 . 2+1 

L 08 
0.8 


-J o 
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°- 037 (l) (^)° 8 (Pr)0 “ 

0.037 (^j (Re) 08 (Pr) 0333 


v Re 


UL 

v 


Average heat transfer ) 
coefficient, h j 


= 0.037 


L 


(Re) 08 (Pr)°333 


We know that. 


Average Nusselt 1 
Number, Nu J 


Nu 


hl 

k 


0.037 | rj- ] (Re)° 8 (Pr)° 333 x L^ 


0.037 (Re) 08 (Pr)° 


Average Nusselt 
Number, Nu 

From equation (2.12) and (2.13), we know tliat, 

Average heat transfer 1 

y = 1.25 x 


coefficient, h 




.25 h 




2.6.1. Heat Transfer coefficient for combination of Laminar and Turbulent Flow 


Heat transfer coefficient for laminar - turbulent combined flow is given by 


h = 



L 


(laminar) 
_ x 


(Turbulent) 


L 


j 0.332 ( - j (Re) 05 (Pr) 0 333 dx 


0.0296 {-) (Re) 08 (Pr) 0 - 333 dx 

\x J 
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r l*T- 


]_ 

L 


X 

f 0.332 


k\f Vx\0.5 


/«■ 


x j \ v y 

( k \( U x >8 


(Pr) 0 - 333 dx + 


0.0296 


\x ) 


v y 


(Pr) 0333 dx 
U.x 

Re - — 


L 


(Pr) 


0.333 


11)0.5 rjc 05 

0.332 | - I J — dx + 


= j- (Pr) 0 333 



0.0296 


j X~ 0 2 í/.X 



I. 


0.0296 f U_x y> 8 

0.8 l v J 
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h 


k 

L 


(Pr) 


0.333 


0.664 (Re v )° 5 + 0.037 (ReJ 08 


- 0.037 ( Re v )° 8 

Transition occurs at criticai Reynolds number, Re c = 5 x 10 5 , i.e., Flow is laminar upto 
Re = 5 x 10 5 , after that flow is turbulent. 

Substitute Re c = Re x = 5 x 10 5 


r4> h = l (Pr) 0 333 


L 


(Pr)< 


0.664 (5 x IO 5 ) 0 - 5 + 

0.037 (Re,)° 8 - 0.037 (5 x 
0.037 (Re, ) 0 8 - 871 


Average heat transfer coefficient. 


h = £ (Pr ) 0333 



We know that, 

Average Nusselt Number, 


Average Nusselt Number, Nu = ^ 

k 


L 


(Pr) 


0 333 


Nll 


0.037 (Re,)° 8 - 871 


x L 


k 


jÃverage Nusselt Number. Nu — Pr° j33 [0.037 (Re L )° 8 - 871 jj 


... (2.15) 


... (2.16) 
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2.7. 


BOUNDARY LAYER THICKNESS, SHEAR STRESS AND SKIN FRICTION COEFFICIENT 
FOR TURBULENT FLOW 


We know that, Von Karman momentum equation for boundary layer flow is 


plP 


d_ 

dx 


ò 


U_ 

U 


dv 


_ | . u 

Substitute, jj 



pLJ2 


d_ 

dx 

d 

dx 


" 7 


7 

8 

U in J 

9 

r 7 

1 

- 

8 

ò - 9 6 
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d 

dx 


63 5 - 56 8 
72 


==> 



...(2.17) 


We know that. 


Ta = 0.0225 pU 2 


tL 


pUô 

Equating equation (2.17) and (2.18), 

^ = 0 0225 pU2 
7 í/ô 


1/4 


pU 




9o 


...(2.18) 


72 í/a- 00225 lp U 5 


í/ô = 0.0225 
8 1/4 í/ô = 0.0225 


x 2 * 


pUô 

JL ) m 11 

pU 


x — dx 


Integrating 


8 1/4 í/ô = 0.2314 l ]' /4 dx 


Jô ' /4 í/ô = 0.2314 ( py J 14 \ dx 


ô 4 + 


4 +1 


- 0.2314 


i V /4 


pU 


A" + C 
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=> 


S 5/4 


5 - 0 2314 +c 

4 

ô- s/4 = 0.2314 ( ( ^] )' /4 X + C 


=> i 65 ' 4 - °- 23, 4 (p^r^c 

Assuming boundary layer is turbulent over the entire length of the plate. 

So, at x = 0, 6=0 => C = 0 

A f .. \ IM 





X X ,/5 x X a ' 5 


= 0.370 x | I xx 


= 0.370 x 


1/5 


Re 

0.370 (Re) - 02 xx 


x x 


tL 


Ux 

Re = — 
v 


Boundary layer thickness, 8 = 0.37 0 ( Re) 0 2 x x 


(2.19) 
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Shear Stress, t 0 : 


We know that. 

Shear stress, t 0 = 0.0225 p U 2 
Substitutiiig Õ value, 

=> i 0 = 0.0225 pU 2 
0.0225 


( _ü_v /4 

IpU8 J 


pU x 0.370 (Re )" 02 xx 

1/4 


1/4 


pU 2 


_ü_ 
_ pUjc 


(0.370) 1/4 

0.0225 
(0.370) 1/4 

0.0225 
(0.370) 

0.0225 
(0.370) 1/4 

= 0.02884 pU 2 [(Re)- 4/5 

= 0.02884 pU 2 [Re]- 1 ' 

0.05769 

pU 2 


x (Re) 02 




Local Skin Friction Coefficient, Cf X 


We know that, 

Shear stress, x 0 

Also, we know x 0 


0.05769 


pü 2 

2 


(Re)-° 2 



pU 2 

2 
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Equating both equation. 


pü 2 pU 2 

0.05769 (Re)" 02 = C fx 2 


C 


fx 


0.05769 (Re)" 02 


Local friction coefficient, C^. = 0.05769 (Re) 02 


...( 2 . 21 ) 


Average friction coefficient. 


We know that. 



= x 0.05769 x 
= |x 0.05769 ( 


( U Vl/5 




UYi/5 L 4/5 


4 

5 


L. 


0 
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1. Air at 20°C at atmospheric pressure flows over a flat plate at a velocity of 3 m/s. Ifthe plate 
is 1 m wide and 80°C, calculate the following at x= 300 mm. 

1. Hydrodynamic boundary layer thickness. 

2. Thermal boundary layer thickness, 

3. Local friction coefficient, 

4. Average friction coefficient, 

5. Local heat transfer coefficient, 

6. Average heat transfer coefficient, 

7. Heat transfer. 

Given: 


Fluid temperature, T ot = 20°C 

Velocity, U = 3 m/s 
Wide, W = 1 m 

Surface temperature, T w = 80°C 

Distance, x = 300 m = 0.3 


To find: 



1. Hydrodynamic boundary layer thickness, 


2. Thermal boundary layer thickness, 

3. Local friction coefficient, 

4. Average friction coefficient, 

5. Local heat transfer coefficient, 

6. Average heat transfer coefficient, 

7. Heat transfer. 


Solution: 


We know 


c-i t . i-p T +T 80 + 20 

Film temperature Tf = — = ——— 


T f = 50°C 
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Properties of air at 50°C: 


[From HMT data Book, Page No. 33] 
Density, p = 1.093 kg/m3 
Kinematic viscosity, v = 17.95 x 10~ 6 m 2 /s 
Prandt 1 Number = Pr = 0.698 
Thermal conductivity, k = 0.02826 W/mK 
We know that, 



2. Thermal boundary layer thickness: 

õ hx = (6.7 x 10 3 ) (0.698)- 0.333 
ô u „ =7.5xl0 _3 m 
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3. Local Friction coefficient: 


C fx =0.664(Re)^ 5 
= 0.664(5.01 xlO 4 )" 05 

C fx = 2.96x 10~ 3 

4. Average friction coefficient: 

C^ = 1.328(Re)' 0 ' 5 

= 1.328(5.01 xl0 4 )~° 5 
= 5.9xl0~ 3 


5. Local heat transfer coefficient (h x ): 
Local Nusselt Number 

Nu t = 0.332 (Re) 0 5 (Pr) 0333 
= 0.332 (5.01xl0 4 ) 03 (O.i 



6. Average heat transfer coefficient (h): 
h = 2x h. 

= 2 x6.20 
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7. Heat transfer: 
We know that, 


e = M(r„-rJ 

= 12.41 x (1x0.3X80-20) 


Q = 223.38 


Result: 


1. õ hx = 6.7 x 10 3 m, 

2. ô Tx =7.5xl0~ 3 m, 

3. C /;r =2.96x10 3 , 

4. C^ = 5.9xl0 3 , 

5. h x =6.20W/m 2 K 

6. h = 12.41 W/m 2 K, 

7. Q = 223.38 W. 




S) 


2. /0> at 30°C flow over a flat plate at a velocity of 2 m/s. The plate is 2 m long and 1.5 m wide. 
Calculate the following: 

/^\ 

1. Hydrodynamic and thermal boundary layer thickness at the trailing edge of the 
plate, 

2. Total drag force, 

3. Total mass flow rate through the boundary layer between x = 40 cm and x = 85 cm. 

Given: 


Fluid temperature, T, = 30°C 


Velocity, U = 2 m/s 
Length. L = 2 m 
Wide, W= 1.5 m 


Tofind: 

1. Hydrodynamic and thermal boundary layer thickness. 

2. Total drag force. 

3. Total mass flow rate through the boundary layer between x = 40 cm and x = 85 cm. 
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Solution: 


Properties of air at 30°C 


[From HMT data Book, Page No. 33] 


p = 1.165 kg/nr 


v = 16x 10~ 6 m 2 /s 


Pr = 0.701 
K = 0.02675 W/mK 


We know that, 


Reynolds Number, Re = — 


Re = 2.5x 10 

Since Re < 5 x 10 5 , flow is laminar 
For flat plate, laminar flow, 

[From HMT data Book, Page No. 112] 
Hydrodynamic boundary layer thickness 



\- 0.5 


õ Tx = 5 x x x (Re) 

= 5 x 2 x (2.5 x 10 5 ) ° 5 


x = L = 2 m\ 


ô Tx = 0.02 m 


Thermal boundary layer thickness, 


Sr:. = S,„ X (Pr)-" 
= 0.02 X (0.701) 


333 


-0.333 


õ Tx = 0.02 
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Average friction coefficient, 

C~^ = 1.328(Re)~°' 5 
= 1.328 x (2.5 x 10 5 ) 05 

C fL = 1.328 (Re) 05 

= 1.328 x (2.5 xlO 5 ) _a5 



Drag force on two sides of the plate 


= 0.018 x 2 0.036 N 

Draa force. FD = 0.036 N 
Total mass flow rate between x = 40 C m and x = 50 

Am = ^pU\ô hx= ffc=40 ] .(1) 

Hydrodynamic boundary layer thickness 


27 






ô hx - 0.85 = 5 x x x (Re) -0 ' 5 


= 5x0.85x 


U xx 


- 0.5 


V 


= 5x0.85x 


2x0.85 
16x10 6 


[*.• x = 85 cm = 0.85m] 


=0.0130/77 


Ô hx = 0.40 = 5 X X X (Re) 005 


= 5 x 0.40 x 


2x0.40 
16x10 6 


- 0.5 


^/ I , = 0.40 =8 - 9xl0 ^ m 


(1) ==> Am = - x 1.165 x 2[0.0130 - 8.9 x 10" 1 2 3 ] 



e» 


fò 


Am = 5.97 xlO~ 3 A'g/5 

Result: 

1. Hydrodynamic boundary layer thickness, S hx = 0.02/77, 
Thermal boundary layer thickness, õ Tx = 0.0225/77, 

2. Drag force, F D = 0.036 N, 

3. Total mass flow rate, Am =5.97 x 10" 3 kg/s 


3. Air at 30°Cflows over a flatplate at a velocity of 4 m/s. Theplate is maintained at 90°C. The 
plate dimension is 90 x 30 cm2. Calculate the heat transfer for the following condition 


1. First half of the plate, 

2. Full plate, 

3. Next half of the plate. 
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Given: 


Fluid temperature, T v = 30°C 
Velocity, U = 4 m/s 
Plate surface temperature, T w = 90°C 

Plate dimension = 90x30 cm" 

= 0.90 x 030 m 2 

To fine: 

Heat transfer for 

1. First half of the plate, i.e., x = 0.45 m, 

2. Full plate, i.e., x = 0.90m, 

3. Next half of the plate. 

Solution: 

We know that, 

Film temperature, T f = ^ ‘ 


Properties of air at 60°C: 




cr 


h 


- 

[From HMT data Book, Page No. 33] 


p = 1. 060/í y/ nr 


v = 18.97 x 10' 6 nr/s 


Pr = 0.696 
K = 0.02896 W/mK 


Reynolds number, Re = 


UxL 
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4x0.45 
18.97x10 6 


Re = 9.4 x 10 4 < 5x 10 5 


Since Re < 5 x IO 3 , flow is laminar 


[From HMT data Book, Page No. 112] 


Local Nusselt Number, Nu = 


h, x L 


90.21 = 


h x x 0.45 
0.02896 


h= 5.80 W/m-K 


n x — j.ou vv/ ui rs. 

' _ 

2 

Local heat transfer coefficient, h t = 5. 80 W/ m ] 
Average heat transfer coefficient 

h 2.-/,, 

h= 11.61 W/m 2 K 


O 


h 


h = 2 x li 


Heat transfer, Q x x hx Ax (T n - T x ) 




= hxLxW x (T w - T x ) 

= 11.61 x 0.45 x 0.30 x (90-30) 

[*.• x = L = 0.45m;lL = 0.30/7/] 


Qi = 94.04 W 


Case (ii): 


For full pate x = L = 0.9 m 
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Reynolds Number, Re = 


UxL 
v 

4x0.90 
18.97x10 6 


Re = 1.89x 10 5 < 5x 10 5 


Since Re < 5 x 10 5 , flow is laminar 
For flat plate, laminar flow, 

Local Nusselt Number, Nu t = 0.332(Re) °' 5 (Pr) 0333 

0 . 5 , 


= 0.332(1.89x105) UJ x(0.696) 


Nu = 128.18 


We know, 


Nu = 


128.18 


K x L 

k 

h, x 0.90 


0.02896 

Local heat transfer coefficient 

h x = 4A2W/m ? K 
Average heat transfer coefficient 

h = 2xh, =2x4.12 




h = 8.24 W/nrK 


Heat transfer for entire plate 


xO 

cr 


9o 


Q 2 =hxAx(T w -T x ) 

= 8.24 x 0.90 x 0.30 x (90 - 30) 
Q 2 = 133.48 W 
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Case (iii): 


Heat lost from the next half of the plate 


--Qj-- 


W/////////////////////7A 

x - 0.45 m 


. CL 





Q3 " Q2~Q| 


Q 3 = Q 2 -Q 1 


133.48 - 94.04 


Q 3 = 39.44 W 


Result: 


1 . 

2 . 

3. 


Heat lost for first half of the plate 

Heat lost for entire plate 

Heat lost for next half of the plate 



W 
;.48 w 
Q J = 39.44 W 

vr\\ 

4. Air at 40 °C flows over a fiai plate, 0.8 m long at a velocity of 50 m/s. The plate surface is 
maintained at 300°C. Determine the heat transferred from the entire plate length to air taking 
into consideration both laminar and turbulent portion of the boundary layer. Also calculate 
the percentage error if the boundary layer is assumed to be turbulent nature from the very 
leading edge of the plate. 

Given: 

Fluid temperature, T oo = 40°C 



Length, L = 0.8 m 
Velocity, U = 50 m/s 
Plate surface temperature, T w = 300°C 
To find: 

1. Heat transferred for: 

(i) Entire plate is considered as combination of both laminar and turbulent flow. 

(ii) Entire plate is considered as turbulent flow. 
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2. Percentage error. 


Solution: 

We know that, 


Film temperature, Tf = 


T +T 

w oo 

2 

300 + 40 


= 443 K 


T f = 170°C 


Properties of air at 170°C: 

p = 0.790 kg/m 3 


v = 31.10x 10‘ 6 m 2 /s 


Pr = 0.6815 
k = 0.037 W/mK 


We know 


Reynolds Number, Re = 




5 ? 


cr 


9o 


50 x 0.8 
31.10x10 


= 1.26 x 10 6 


Re = 1.286 x 10 6 > 5x 10 5 


Re > 5 x 10 5 , so this is turbulent flow. 

Case (i): 

Laminar-turbulent combined. [It means, flow is laminar upto Reynolds number value is 5 
x 105, after that flow is turbine.] 

Average Nusselt Number Nu = (Pr) 0333 [0.037 (Re) 0 8 - 871] 

[From HMT data Book, Page No. 114] 

Nu = (0.6815) 0333 [0.037(1.286x 10 6 ) 08 -871] 

Average Nusselt Number Nu = 1746.09 
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We know 


N = — 
u k 


1746.09 = 


h x 0.8 
0.037 


h = 80.75 W/nEK 


o 

Average heat transfer coefficient h = 80.75 W/m“K 
Heat transfer, Qi = hxAx (A w -T x ) 


hxLxW x (T w — T x ) 

= hxLxW(T w -T ’J 
= 80.75 x 0.8 xlx (300-40) 

cr 


e> 


h 



Case (ii): 

Entire plate is turbulent flow: 

Local Nusselt Number Nu = 0.029 x (Re) °' 8 x (Pr) °' 33 


[From HMT data Book, Page No. 113] 


Nu t = 0.029 *|1.286 x 10 6 ) u s x (0.6815) 
r~Nu, =2010.15 


We know 


Nu = 


h, x L 


2010.15 = 


h x x 0.8 
0.037 


h = 92.96 W/m"K 
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2 

Local heat transfer coefficient, h x = 92.96 W/m K 

Average heat transfer coefficient (for fully turbulent flow) h = 1.25 xh 


1.25x92.96 


2 

Average heat transfer coefficient h = 116.20 W/m K 

Heat transfer, Q2 = hx AxW x (T w -T_ ) 

= hxLxW{T w -Tj 
= 116.20 x 0.8 x 1 x (300 - 40) 


Percentage error 



= 43.90 

Result: 

1. Heat transfer (Laminar - Turbulent combined) Qi = 16796 W 

2. Heat transfer (Fully turbulent) Q 2 = 24169.60 W 

3. Percentage error 43.90 


5. Air aí 15°C, 30 Km/h flows over a cylinder of400 mm diameter and 1500 mm height with 
surface temperature of 45°C. Calculate the heat loss. 


Given: 


Fluid temperature, 


T 


00 


15°C 


Velocity, U = 30 km/h 


30 x 10 3 m 
3600 í 
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U = 8.33 m/s 


Diameter, D = 400 mm = 0.4 m 
Length, L = 1500 mm = 1.5 m 
Plate surface temperature, T w = 45°C 
To fine: 

Heat loss 
Solution: 

We know that, 


Film temperature, Tf = 


T w +T m 45 + 15 


Tf = 30°C 


Properties of air at 30°C: 

[From HMT data Book, Page 


No. 33] 


cr 


9o 


Density, p = 1.165 kg/m 1 

4 


Kinematic viscosity, v = 16 x 10" 6 m 2 /s 
Prandtl Number, Pr = 0.701 
Thermal conductivity, k = 0.02675 W/mK 
We know, 


Reynolds Number, Re = 


UD 

v 

8.33x0.4 


16x10 6 


Re n = 2.08 x 10 5 

Nusselt Number, Nu = C (Re) m (Pr) 0333 
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[From HMT data Book, Page No. 115] 

Re D value is 2.08 x 105, corresponding C value is 0.0266 and m value is 0.805. 
==> Nu = 0.0266 x (2.08 x 10 1 2 * * 5 ) a805 x (0.701) 0333 


We known that, 


Nu = 451.3 


Nusselt number, Nu = 

k 


==> 451.3 = 


h x 0.4 
0.02675 


=> h = 30.18 W/nrK 


Heat transfer coefficient, h = 30.18 


Heat transfer, Q = hA(T w - T y ) 

= hxnxDxLx (T u - T ) 

[•:A = ttDL] 

= 30.18 x x0.4x 1.5 x (45 - i5) 



Q = 1706.6 W 


Result: 

Heat loss, Q = 1706.6 W 

6. Air at 40 °C flows over a tube with a velocity of 30 m/s. The tube surface temperature is 
120°C; calculate the heat transfer coefficient for the following cases. 

1. Tube could be square with a side of 6 cm. 

2. Tube is circular cylinder of diameter 6 cm. 

Given: 


Fluid temperature, T t = 40°C 

Velocity, U = 30 m/s 


6 cm 
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Tube surface temperature, T w = 120°C 
To find: 

Heat transfer coefficient, (h) 

Solution: 

We know that, 


Film, temperature, T f = 


T +T 

w oo 


120 + 40 


Tf = 80°C 


Properties of air at 80°C 

[From HMT data Book, Page No. 33] 




fò 



V» 

p = lkg/m 3 

v =21.09 x 10" 6 m 2 /s 
- n aoo 


Pr = 0.692 

T).03047 W/mK 

Case (i): 

Tube is considered as square of side 6 cm. 
i.e., L = 6cm = 0.06m 


Reynolds Number, Re = 


30x0.06 
21.09x10 6 


Re = 0.853 xlO 5 
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Nusselt Number, Nu = C x (Re) n (Pr) 0333 
For square, n = 0.675 
C = 0.092 


[From HMT data Book, Page No. 118] 
==> Nu = 0.092 (0.853 x 10 5 ) °' 675 x (0.692) 0333 



Tube diameter, D - cm = 0.06 m 
Reynolds Number, Re = 


v 

30x0.06 
21.09x10 6 



Nusselt Number, Nu = C (Re) m (Pr) 0333 

[From HMT data Book, Page No. 115] 

Re D value is 0.853 x 10 5 , corresponding C and m values are 0.0266 and 0.805 respectively. 


39 





==> Nu = 0.0266x (0.853x 10 5 ) °' 805 x(0.692) 0333 


We known that, 


Nu = 219.3 


Nusselt number, Nu = 

k 


==> 219.3 = 


h x 0.06 
0.03047 


==> h= 111.3 W/m 2 K 


Heat transfer coefficient, h = 111.3 W/nrK 



9o 


Result: 


1. Heat transfer coefficient for square tube h = 88 W/nrK 

2. Heat transfer coefficient for circular tube h = 111.3 W/m“K 

7. in a surface condenser, water flows through staggered tubes while the air is passed in cross 
flow over the tubes. The temperature and velocity of air are 30°C and 8 m/s respectively. The 
longitudinal and transverse pitches are 22 mm and 20 mm respectively. The tube outside 
diameter is 18 mm and tube surface temperature is 90°C. Calculaie the heat transfer 
coefficient. 

Given: 



Fluid temperature, T w = 30°C 
Velocity, U = 8 m/s 


Longitudinal pitch, S t = 22 mm = 0.022 m 
Transverse pitch, S t = 20 mm = 0.020 m 
Diameter, D = 18 mm = 0.018 m 
Tube surface temperature, T w = 90 °C 
To find: 

1. Heat transfer coefficient 
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Solution: 


We know that, 


Film, temperature, Tf = 


T +T 

w oo 

2 

90 + 30 
2 


Tf = 60°C 


Properties of air at 60°C 

[From HMT data Book, Page No. 33] 

p= 1.060kg/m 3 


v = 18.97 x 10' 6 m 2 /s 


Pr = 0.692 
k = 0.02896 W/m 




fò 


nK 


We know that, 


Maximum Velocity, U = U x 


eiocny, u mav = u x- 

S '- D 

f^max =8X 


0.020 


0.020-0.018 


£/ = 80 m/s 


Reynolds Number, Re = ^™ x X ^ 


80x0.18 


18.97 x 10 


Re= 7.5 x 10 
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Nusselt Number, Nu = C x (Re) n (Pr) 0 333 


S, _ 0.020 
~D~ 0.018 



D 


0.022 

0.018 


1.22 



st (?i 


h 


s s 

= 1.11,-^ = 1.22, Corresponding C, n values are 0.518 and 0.556 respectively. 


[From HMT data Book. Page No. 112] 



We know that, 

Nusselt Number, Nu = 1.13 (Pr) 0333 [C (Re) n ] 

[From HMT data Book, Page No. 112] 
==> Nu = 1.13 x (0.693) 0333 xlO 5 ) x [0.518x (7.5x 10 4 ) 0356 


Nu = 266.3 


173.3 


h x 0.06 
0.03047 


==> 


Nu = 0.0266x (0.853x 10 5 ) a805 x(0.692) 0333 


Nu = 219.3 


42 








Nusselt number, Nu = — 

k 


-> 


266.3 


hx 0.018 
28.96x10 3 


Heat transfer coefficient, h = 428.6 W/m 2 K 


Result: 

Heat transfer coefficient h = 4238.6 W/m 2 K 

8. Water at 50°C enters 50 mm diameter and 4 m long tube with a velodty of 0.8 m/s. The tube 
wall is maintained at a constant temperature of 90°C. Determine the heat transfer coefficient 
and the total amount of heat transferred if exit water temperature is 70°C. 



1. Heat transfer coefficient, (h) 

2. Heat transfer, (Q) 

Solution: 

T +T 

Bulk mean temperature, T m = m mo 

_ 50 + 70 
2 

Tm = 60°C 
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Properties of air at 60 °C 

[From HMT data Book, Page No. 21] 

p = 985 kg/m 3 


v = 0.478 x 10' 6 nr/s 


Pr = 3.020 
k = 0.6513 W/mK 

let us first determine the type of flow: 

UD 


Re = 


0.8x0.05 

0.478x10 


Re = 8.36 x 10 4 




Since Re > 2300, flow is turbulent. 




D 0.05 

ÉfS-^80 >60 

D 


h 


r -só 


Re = 8.36 x 10 >10,000 
Pr = 3.020 ==>0.6 < Pr < 160 


— Ratio is greater than 60. Re value is greater than 10,000 and Pr value is in between 
0.6 and 160. So, 

Nusselt Number, Nu = 0.023 (Re) 0 8 (Pr) n 

[From HMT data Book, Page No. 125] 

[Inlet temperature 50°C, Exit temperature 70°C 4 Heating Process, So, n = 0.4] 

Nu = 0.023 x (8.36x 10 4 ) 0 8 x (3.020) 04 


Nu = 310 
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We know that, Nu 


hD 

k 

310 


h x 0.05 
0.6513 


Heat transfer coefficient, h = 4039.3 


Heat transfer, Q = IiA(T h , - T x ) 



9. Air at 30°C, 6 m/s flows in a rectangular section of size 300 x 800 mm. calculate the heat 
leakage per metre length per unit temperature difference. 

Given: 

Air temperature, T m = 30°C 
Velocity, U = 6 m/s 

Area, A = 300 x 800 mm 2 
= 0.3 x 0.8 m 2 

To find: 

1. Heat leakage per metre length per unit temperature difference. 
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Solution: 


Properties of air at 30°C: 


p= 1.165 kg/m 3 


v = 16 x 10' 6 m 2 /s 


Pr = 0.701 


k = 0.02675 W/mK 


Equivalent diameter for 300x800 mm" cross section is given by 


_4A_ 4x(0.3x0.8) 
e ~ P ~ 2(0.3 + 0.8) 


Where 


P - Perimeter = 2 (L + W) 


D e = 0.436 m 


We know that. 


Reynolds Number, Re 




cr 


fò 


_ 6 x 0,436 

i 6 

Re = 16.3 x 10 4 

Since Re > 2300, flow is turbulent. 

For turbulent flow general equation is (Re > 10000), 

Nu = 0.023(Re) 0 8 (Pr) n 

[From HMT data Book, Page No. 125] 

Assuming the pipe wall temperature to be higher than air temperature. So, heating 
process ==> n = 0.4. 

==> Nu = 0.023 x (16.3 x 10 4 ) 0 8 x (0.701) 0 4 
Nu = 294.96 
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We know, 


Nusselt Number, Nu = 


hÇf 

k 


294.96 


h x 0.436 
26.75x10 3 


Heat transfer coefficient, h = 18.09 W/m 2 K 


Heat leakage per unit length per unit temperature difference 

Q = hP 

= 18.09[2 x (0.3 + 0.8)] 


O = 39.79 W 


Result: 


Heat leakage, Q = 39.79 W. 


vv 


cr 


h 


10. Air at 2 bar pressure and 60°C is heated as it flows through a tube of diameter 25 mm at a 
velocity of 15 m/s. Ifthe wall temperature is maintained at 100° C, find the heat transfer per 
unit length of the tube. How much would be the bulk temperature increase over one metre 
length of the tube. 

Given: 

Pressure, P = 2 bar = 2 x 10 3 N/m z 
Inlet temperature of air, T m i = 60 °C 

Diameter of tube D = 25 mm = 0.05 m 


mre, P = 2 bar = 


Velocity, U = 15 m/s 
Tube wall temperature, T w = 100°C 
Legth, L = 1 m 
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To find: 


1. Heat transfer per unit length of the tube, Q. 

2. Rise in bulk temperature of air, (T mo - T mi ) 

Solution: 

Properties of air at 60°C: 


[From HMT data Book, Page No. 33] 
p= 1.060 kg/m 3 
v = 18.97 x 10' 6 nr/s 



Density, p =- 

RT 

2 x 10 5 

~ 287 x (60 + 273) 


P = 2.092 kg/m 2 


48 





We know that, 


Reynolds Number, Re 


UD 


15x0.025 
9.485x10 6 


Re = 39.53 x 10 J 


> 2300 


Since Re > 2300, flow is turbulent. 

For turbulent flow general equation is (Re > 10000), 

Nu = 0.023(Re) 0 8 (Pr) n 

[From HMT data Book, Page No. 125] 
This is heating process. So, n = 0.4. 


=> Nu = 0.023 x (39.53 x 10 3 ) 0 8 x (0.696) 


Nu = 94.70 


We know, 


Nu 




,125] 


<ò 


W 






94.70 = 


h x 0.025 
0.02896 


==> 


h = 109.70 W/nflK 


Heat transfer coefficient, h = 18.09 W/m K 


Mass flow rate, m = pAU 

= px —D 2 x U 
4 

= 2.092 x^(0.025) 2 xl5 


m = 0.015 kg/s 
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We know that, 


Heat transfer, Q = mC p {T m - T mi ) 

= 0.015 xl005(r„, o -60) 

[•.' For airC p = 1005 J/kgK] 

Q = Heat leakage per unit length per unit temperature difference 
Q = hP (T fj10 - 60) .(1) 
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Rise in bulk temperature of air, AT = T nw - T mi 


= 77.78-60 
A7 = 17.78° C 

Heat transfer, Q = mC p (T mo - T mi ) 

= 0.015 xl005(l7.78°c) 


0 = 268.03 W 


Result: 


1. Q = 268.03 W 

2. AT=T -T .. = 17.78°C 


mo mi 


o 


9o 


11. A verticalplate of 0.75 m height is at 170 °C and is exposed to air at a temperature of 105°C 
and one atmosphere. Calculate: 

1. Mean heat transfer coefficient, 

2. Rate ofheat transfer per unit width ofthe plate. 


Given: 


Legth, L = 0.75 rq$ 
Wall temperature, T w = 170‘C 
Fluid temperature, T r = 105°C 


To find: 


1. Heat transfer coefficient, (h) 

2. Heat transfer (Q) per unit width. 


Solution: 


Velocity (U) is not given. So this is natural convection type problem. 
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Film temperature, Tf = 


T +T 

w oo 


170 + 105 


Tf= 137.5°C 


Properties of air at T f = 137.5°C « 140°C 

[From HMT data Book, Page No. 33] 
Density, p = 0.854 kg/nr 
Kinematic viscosity,v = 27.80 x 10 6 m 2 /s 
Prandtl Numbe Pr = 0.684 
Thermal conductivity, k = 0.03489 W/mK 

We know that, 


cr 


9o 


Coefficient of thermal expansion, [1 = 




T f inK 

1 


==> 




/? = 2.4 x 10" 3 K 1 


We know that. 


Grashof Number, Gr = 


g x [5 x Ü x AT 


--> Gr = 


[From HMT data Book, Page No. 134] 

9.81 x 2.4 x 10 3 x (0.75) 3 x (170 -105) 

(27.80x10 6 ) 2 
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==> 


Gr = 8.35x10' 


==> Gr Pr = 8.35 x 10 8 x 0.684 
Gr Pr = 5.71 x IO 8 

Since Gr Pr > 10 9 , flow is laminar. 

Gr Pr value is in between 10 4 and 109 i.e., 10 4 < Gr Pr < 10 9 
So, Nusselt Number 

Nu = 0.59 (Gr Pr) 0 25 

[From HMT data Book, Page No. 134] 



We know, 

Heat transfer, Q = M(T w —T x ) 

= hxWxLx(T w -Tj 

= 4.24 x lx 0.75 x (170-105) 

[vW = 1 m] 
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Result: 


1. Heat transfer coefficient, h = 4.24 W/m 2 K 

2. Heat transfer, Q = 206.8 W 

12. A verticalplate of 0.7 m wide and 1.2 m height maintained at a temperature of 90 °C in a 
room at 30°C. Calculate the convective heat loss. 

Given: 


Wide, W = 0.7 m 
Height (or) Length, L = 1.2 m 
Wall temperature, T w = 90 °C 

Room temperature, = 30°C 
To fine: 

Convective heat loss (Q) 


_is ir ~ 1 

k<2T 

™„ r erature, T - — 


cr 


h 


Solution: 

Velocity (U) is not given. So, this is natural convection type problem. 
We know that, 

Film temperature. Tf = 


90 + 30 


Tf = 60°C 


Properties of air at 60°C: 

[From HMT data Book, Page No. 33] 
p = l.060kg/m 3 
v = 18.97 x 10' 6 m 2 /s 


Pr = 0.696 
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K = 0.02896 W/mK 


We know, 


Coefficient of thermal expansion (3 


T f inK 


J3 = -= 3xl0" 3 /r 

60 + 273 


Grashor Number, Gr = 


j3 = 3xl0 3 K- 
gxpxL 3 x AT 


[From HMT data Book, Page No. 134] 

_ 9.81 x 3x 10~ 3 x(l,2) 3 x (90-30) 
(l8.97xl0~ 6 ) 2 

Gr = 8.4 x 10 9 


Gr Pr = 8.4x 10 y x 0.69É 


Gr Pr = 5.9 x 10 y 


Since Gr Pr > 10 , ílow is turbulent. 


For turbulent flow. 


o\ 


NUSSELT Number, Nu = 0.10 (Gr Pr) 


[From HMT data Book, Page No. 135] 
Nu = 0.10 [5.9xlO 9 ] 0333 


Nn = 17Q 3 


We know that, 


Local Nusselt Number, Nu = — 

k 


179.3 = 


hx 1.2 
0.02896 
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2 

Convective heat transfer coefficient h = 4.32 W/m~K 


Heat loss, Q = hA(AT ) 

= hxW xLx(T w -T x ) 

= 4.32 x 0.7 x 1.2 x (90-30) 


Q = 218.16 W 


Result: 


Convective heat loss, Q = 218.16W 


h 


13. A horizontalplate of800 mm long, 70 mm wide is maintained at a temperature of 140°C in 

' total heat i 


a large tank offull of water at 60 °C. Determine the 
Given: 


Horizontal plate length, L = 800 mm ).8 m 


Wide, W = 70 mm = 0.070 m 



X0 

loss from the plate. 


Plate temperature, T w = 140°C 
Fluid temperature, T v = 60°C 
Tofind: 

Solution: 


Film temperature. Tf = 


T +T 

w oo 

2 

140 + 60 
2 


T f = 100°C 
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Properties of air at 100°C: 

[From HMT data Book, Page No. 21] 
p — 961kg/ m 3 
v = 0.293 x IO' 6 m 2 /s 
Pr = 1.740 


K = 0.6804 W/mK 


P (water) 0.76 x 10' 3 K' 1 


Grahhof Number, Gr = 
For horizontal plate, 


[From HMT data Book, Page No. 21] 

gxpxL] xAT 


L c = Characteristic length = — 


vv 


, 


o. 21] 

h 


Lr = 


0.070 


= 0.035 m 






o 


L c = 0.035 m 


(1) ==> Gr = 


9.81 x 0.76 x 1Q~ 3 x (0.Q35) 3 x (l40 - 60) 
(0.293xl0 6 ) 2 


Gr = 0.297 x 10 y 


Gr Pr = 0.297 x 10 9 x 1.740 
Gr Pr = 0.518 x 10 9 

Gr Pr value is in between 8 x 10 6 and 10 11 , 
i.e., 8 x 10 6 < Gr Pr < 10 11 
so, for horizontal plate, upper surface heated, 
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NUSSELT Number, Nu = 0.15 (Gr Pr) 0333 

[From HMT data Book, Page No. 135] 
Nu = 0.15 [0.518 xlO 9 ] 0333 

Nu = 119.66 

We know that, 


Local Nusselt Number, Nu = 


hL 

k 


119.66 = 


h u x 0.035 
0.6804 




2 

Heat transfer coefficient for upper surface heated, h u = 2326.19 W/m~K 


For horizontal plate, 

Lower surface heated, 



[From HMT data Book, Page No. 136] 


Nusselt Number, Nu = 0.27 [Gr Pr] 


0.25 


Nu-0.27 raÉl8 xlO 9 ] 0 ' 25 

vsr 



Nu = 40.73 


We know that, 


Nusselt Number, Nu = 


Vv 

k 


40.73 


hl x0.035 f 
0.6804 


2 

Heat transfer coefficient for lower surface heated, hi = 791.79 W/m“K 
Total heat transfer, Q = (h u + h, )AAT 
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Result: 


= (K+h,)xWxLx(T„-T„) 

= 4.32 x 0.7 x 1.2 x (90-30) 

==> Q = [2326.19 + 791.79] x [0.070 x 0.8] x [l40 - 60] 


Q= 13,968.55 W 


Total heat loss, Q = 13, 968.55 W. 


14. A steam pipe 80 mm in diameter is covered with 30 mm thick layer of insulation which has 
a surface emissivity of 0.94. The insi i thepipe is placed 

in atmospheric air at 15°C. If the hei vection, find the 

following: 



1. The heat loss from 5 m length of the pi\ 


2. The overall heat transfer coefj 


3. Heat transfer coefficient du 


Given: 


Diameter of pipe = 80 


V 


0.080 m 


Insulation thickness = 30 mm = 0.030 m 
Actual diameter of the pipe, D = 0.080 + 2x 0.030 

= 0.14 m 

Emissivity, e = 0.94 
Tube surface temperature, T w = 85°C 
Air temperature, = 15°C 




To find: 


1. Heat loss from 5 m length of the pipe, Q 

2. Overall heat transfer coefficient, h t 

3. Heat transfer coefficient due to radiation, h r 

Solution: 


Film temperature, Tf = 


T +T 

w oo 


85 + 15 


Tf = 50°C 



v = 17.95 x 10' 6 nr/s 


Properties of air at 50°C: 

[From HMT data Book, Page No| 
p = 1.093kg / m 3 

W 

Pr = 0.698 
K = 0.02826 W/mK 

Coefficient of thermal expansio: 

50 + 273 


P = 3.095 x 10' 3 K 1 


We know that. 


g x p x D 3 x AT 


Grashof number, Gr = 


[From HMT data Book, Page No. 134] 
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9.81 x 3.095 xl(T 3 x(0.14) 3 x(85-15) 
(l7.95xl0 6 ) 2 


Gr= 18.10x 10 6 

Gr Pr = 18.10x 10 6 x 0.698 
Gr Pr = 1.263 x 10 7 



Convective heat transfer coefficient, h c = 5.84 W/irrK 









Heat lost by convection, 


Q m , = hA(è.T) 

= lixnDxLx ÍJ\ - T rj ) 

= 5.84x^-0.14x5(85-15) 
Oconv = 898.99 W 


Heat lost by radiation, 

Qrad = saA[T*-T:\ 


Where, e = Emissivity 

A = Area - rrf 

cr = Stefen Boltzmann constant 
= 5.67 x 10' 8 W/m 2 K4 
T w = Surface temperature, 

= Fluid temperature 
Tw = 85 + 273 T ^ 15 + 273 


15 +277 


9o 


T w = 358 K 


288 


T,=; 

%Sc) 

==> Qrad = s X cr x nx DLx [r H 4 -7; 4 ] 

= 0.94 X 5.67 x[l0 8 x^-x 0.14x5 x [358 4 -2888 4 J| 


Qrad= 1118.90 W 


Total heat transfer. Q, = Q conv + Q 


rad 


= 898.99 + 111.90 


Qt = 2017.89 W 


Total heat transfer, Qt = h r AAT 
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= h t X nDL X ( 7 ; -T x ) 

2017.89 = /*, x^-x0.14x5x(85-15) 

==> h t = 13.108 W/m 2 K 


Overall heat transfer coefficient, ht = 13.108 W/m 2 K 


Radiative heat transfer coefficient, 


K - h < ~ K 

= 13.108 -5.84 


h r = 7.268 W/m"K 


Result: 


By convection, Q c = 898.99 y» 
By radiation, Q r = 1118.90 W 




cr 


fò 


1. Heat loss from 5 m length of pipe 

(i) 

(ü) 

2. Overall heat transfer coefficient, ht = 13.108 W/nrK 

3. Radiative heat transfer coefficient, h r = 7.268 W/m 2 K 


e iieai transfer coef 

15. A verticalplate of 40 cm long is maintained at 80°C and is exposed to air at 22°C. 
Calculate the following: 


1. Boundary layer thickness at the tailing edge of the plate. 

2. The same plate is placed in a wind tunnel and air is blown over it at a velocity 
of 5 m/s. Calculate boundary layer thickness. 

3. Average heat transfer coefficient for natural andforced convection for the 
above mentioned data. 
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Given: 

Length, L = 40 cm = 0.40 m 
Plate temperature, T w = 80°C 
Fluid temperature, T* = 22 °C 
To find: Case (i) 


(i) Boundary layer thickness (Natural convection). 
Case (ii) 


(i) Boundary layer thickness at velocity U = 5 m/s (Forced convection). 

(ii) Average heat transfer coefficient for forced convection, 

Solution: 

We know that. 


T +T 

Film temperature, Tf - " ® 


XV 

80 + 22 
2 


convectic 


T f = 51°C | 



Properties of air at 51°C: ~50°C: 

[From HMT data Book, Page No. 33] 
p = 1.093kg/m 3 


v = 17.95 x 10' 6 m 2 /s 


Pr = 0.698 
K = 0.02826 W/mK 

1 




T f inK 
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1 

= 51 + 273 


P = 3.086 x 10 3 


Case (i): for free convection, 

g x p x L 3 x Ar 


Gr = 


[From HMT data Book, Page No. 134] 

9.81x3.086x10^ x (0.14) 3 x (80-22) 

(l7.95xl0 6 ) 



Gr Pr = 2.43 x 10 6 


Since Gr < 10 , flow is laminar, 


For free convection, laminar flow: 

Boundary layer thickness, ó\ - [3.93 x (Pr) 05 x (0.952 + Pr) 0 " 5 x (Gr) 




[From HMT data Book, Page No. 134] 


=> 


S x = [3.93 x (0.698)^ 5 x (0.952 + 0.698) 025 x (3.48 x 10 8 )“°‘ 25 


x0.4 


[*.• x = L = 0.40m] 


=> 


õ r =0.0156m 


Case (ii): For forced convection, 


x x 
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Reynolds number, Re = 


5 x 0.40 
17.95 x 1(T 


Re = 1.11 x 10 5 


( 1 ) 


Since Re < 5 x 10 5 flow is laminar. 

For forced convection, laminar flow: 

Boundary layer thickness õ x orô hx — 5 x x x (Re) - 

[From HMT data Book, Page No. 134] 

Ô x = 5 x 0.40 x (l.llx 10 5 ) 

[•••a:\-C ] 

õ x 6.003 xl0- á m 

From equation (1) and (2), we know that, boundary layer thickness in forced convection 
is less than that in free convection. 

Case (iii): Average heat transfer coefficient for natural convection, h: 

For free convection, laminar flow, vertical plate: 

[From HMT data Book, Page No. 135] 



Nusselt number, Nu = 0.59(Gr Pr) 


0.25 


= 0.59 (2.43 xlO 6 ) 0 25 


Nu = 23.29 


We know that. 


Nu = — 
k 


23.29 = 


h x 0.4 
0.02826 
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h = 1.645 W/nrK 


Average heat transfer coefficient for forced convection, h: 
For forced convection, laminar flow, flat plate: 

Local Nusselt number, 


Nu = 


98.13 = 


MX4 

0.02826 


Local heat transfer coefficient h= 6.932 W/m“ K 


Average heat transfer coefficient h = 2 x 6.932 
h = 13.86 W/m2K 


<ò 


h 


From equation (3) and (4) we know that heat transfer coefficient in forced convection is 
much larger than that in free convection. 


Result: 


X* 

Case (i) . 1 . Õ x (Natural convection) — 0.0156 m 

. Q? 

Case (Ü). 1. Õ x (Forced convection) — 6.003 X 10 Hl 


Case (Üi). 1. h (Naturalconvection) — 1.645 W/m K 

2 

2. h = (Forced convection) = 13.86 W/111 K 
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16. Water is to be boiled at atmospheric pressure in a polished copper pan by means ofan 
electric heater. The diameter of thepan is 0.38 m and is kept at 115°C. Calculate the following 

1. Power required to boil the water 

2. Rate of evaporation 

3. Criticai heat flux. 


Given: 


Diameter, d = 0.38 m; 

Surface temperature, T w = 115°C 


To find: 


1. Power required, (P) 

2. Rate of evaporation, (m) 

( Q 

3. Criticai heat flux, — 



Polished 

copper 

pan 


Heater 


Solution: 

We know that, saturation temperature of water is 100°C. 


Tsat = 100°C 
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Density, p,= 961akg/nr 

Kinematic viscosity, v= 0.293 x 10-6 m“/s 
Prandtl Number, Pr = 1.740 
Specific heat, C p i = 4216 J/kg K 
Dynamic viscosity, p,xv = 961 x0.293x 10-6 

= 281.57x10-6 Ns/m 2 


From Steam Table 
At 100°C 

Enthalpy of evaporation, h fg = 2256.9 kj/kg 

hf g = 2256.9 x 10 3 J/kg 

Specific volume of vapour, v = 1.673 m 3 /kg 


Density of vapour, p v = — 




h 


l 


p= 0.597 kg/m 3 


èk 




AT =Excess temperature = T w -T sat = 115°C - 100 = 15°C 


Ar = 15°C 


<50°C. So, this is nucleate pool boiling process. 


1. Power required to boil the water 
For Nucleate pool boiling 


Heat flux, — = u, x h , 

A Jg 


8 x (Pi~P v ) 

0.5 

v 

C pl xAT ~ 

cr 

A 

1 

n 

X 

sT 

i 


Where cr = surface tension for liquid vapour interface 


(1) 
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At 100°C 


cr = 0.0588 N/m 


For water - copper ==> C s f = surface fluid constant = 0.013 


n = 1 for water 
Substitute 


ju,,h f p,, pv, cr, C ,, AT, C , ,h f n And P r values in Equn (1) 


(1) ==>— = 281.57x10 6 x 2256.9 xlO 3 x 
A 


9.81x (961 -0. 


0.0588 


<ò 


<ò 


4216x15 


Heat flux, — = 4.83 x 10 5 W / m 
A 


> Heat transfer, Q = 4.83 x 10 5 x A 

r> 

= 4.83x10 5 x-cí 


\ ' L°-013x 2256.9x 103 x(l.74y 

O x 




4 


= 4.83xl0 5 x-(0.38) 2 

Q = 54.7 x 10 3 VF 
Q = 54.7 x 10 3 =P 


==> 


Power = 54.7 x 10 3 W 


2. Rate of evaporation, (m) 
We know that, 

Heat transferred, Q = mx h f 


==> m = 


Q 


í fg 
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54.7 xlQ 3 
2256.9 xlO 3 


m = 0.024 kg/s 


3. Criticai heat flux 

For Nucleate pool boiling, criticai heat flux, 
ax 8 x (Pi ~ Pv) 


^ = 0.18 h fg x Pv 
A 


-| 0.25 


Pv 


= 0.18 x 2256.9 x 10 j x 0.597 x 


Q 


— = 1.52x10 T/m' 
A 


0.0588 x 9.81 x (961-0.597) 
(0.597) 2 


Dl 


Result: 



1. P = 54.7 x 10 

2. M = 0.024 kg/s 

3. — = q = 1.52xl06W/m z . 
A 


1 7. Water is boiling on a horizontal tube whose wall temperature is maintained at 15 °C above 
the saturation temperature of water. Calculate the nucleate boiling heat transfer co-efficient. 
Assume the water to be at a pressure of 10 atm. And also find the change in value of heat 
transfer co-efficient when 

1. The temperature difference is increased to 30°C at a pressure of 10 atm. 

2. The pressure is raised to 20 atm at AT = 15° C. 
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Given: 


Wall temperature is maintained at 15°C above the saturation temperature. 


Tw-115° C 


[: Tsat = 100° C; 7V = 100 +15 = 115 ° c] 


P = 10 atm = 10 bar 


Case (i): 


= 30°C; p = 10 atm = 10 bar 


Case (ii): 


P = 20 atm = 20 bar; 


Solution: 


We know that, for horizontal surface, heat transfer co 


i-efficient 


fò 


h = 5.56{ATf 
==>Ii = 5.56(t~ 

= 5.56(115 -100) 3 

h = 18765 W/m 2 K 




5 ? 


o 


Crt 

Heat transfer co-efficient other than atmospheric pressure 


h p =hp 0A 
= 18765 x[l0]° 


„ M , rr- • f hp = 47.13x 10 3 W / m 2 K 
Heat transfer co-efficient, 1 


Case (i) 


p = IQbar, AT = 30° C 


h = 150 X 10 3 W/m 2 K 
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Heat transfer co-efficient other than atmospheric pressure 


h p = hp 0A 
= 150x 10 3 (l0)°' 4 


h p = 377 x 10 3 W/m 2 K 


Case (ii) 


p = 20 bar, AT = 15° C 


Heat transfer co-efficient, h= 5.56 


(Ar) 3 =5.56(15) 3 


h= 18765 W/m"K 


Heat transfer co-efficient other than atmospheric pressure 

K = hp 0A 
= 150x (l0) 


( 7 | 


h 



Result: 


Nucleate boiling heat transfer co-efficient 


Case (i) 


h„ = 47.13x 10 3 W/m 2 K 


h„ = 377 x 10 3 W/m 2 K 


Case (ii) 


h p =62.19 x 10 3 W/m 2 K 
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18. A vertical flat plate in theform offin is 500 mm in height and is exposed to steam at 
atmosphericpressure. If surface of theplate is maintained at 60°C, calculate tlte following 

> The film thickness at the trailing edge 

> Overall heat transfer co-efficient 

> Heat transfer rate 

> The condensate mass flow rate. 


Given: 


Height (or) Length, L = 500 mm 0.5 m 
Surface temperature, T w = 60°C 
To find: 

1 - 8 X 

2. h 

3. Q 

4. m 

Solution: 

We know that, saturation temperature of water is 100°C 
Le -’ Tsat = 100°C 


h fg = 2256.9 kJ/kg 
h fg = 2256.9 
We know that, 

Film temperature, Tf = "°° 




60 +100 
2 

Tf= 80°C 


Properties of air at 80°C 
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p = 974/cg / m 3 
v = 0.364 x 10' 6 nr/s 
k = 0.6687 W/mK 
p = p x v = 974 x 0.364 x 10~ 6 

p = 354.53 x 10 -6 Ns/m 2 


1. Film thickness (S x ) 



2. Average heat transfer co-efftcient, (h) 
For vertical surface, Laminar flow 


h = 0.943 = 


k 3 x p 2 xgx/i /s 

MxLx(T mt -T w ) 


The factor 0.943 may be replaced by 1.13 for more accurate result as suggested by Mc Adams 
Since Gr < 10 9 , flow is laminar, 


h 


1.13 


(0.6687) 3 x (974) 2 x 981 x 2256.9 x 10 3 
354.53 x 10~ 6 x 0.5 x (l00 - 60) 


0.25 
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h = 6164.3 W/m 2 /K 


3. Heat transfer rate, (Q) 

Heat transfer, Q = hA(T sat -T w ) 

= hxLxW x(T mt -T w ) 

= 6164.3x0.5 xlx (100-60) 


Q= 1,23,286 W 


4. Condensate mass flow rate, (m) 
We know that, 

Q = m x h. 


==> m = 


l fg 

Q_ 

h 


fg 


m = 


1,23,286 
2256.9 xlO 3 




5 ? 


cr 


h 


Result: 


1 . 

2 . 

3. 

4. 



Q= 123286 W 
m = 0.054 kg/s 


19. Steam at 0.080 bar is arranged to condense over a 50 cm square vertical plate. The surface 
temperature is maintained at 20°C. Calculate the following. 

a. Film thickness at a distance of 25 cmfrom the top of the plate. 

b. Local heat transfer co-efficient at a distance of 25 cmfrom the top of the plate. 

c. Average heat transfer co-efficient 

d. Total heat transfer 

e. Total steam condensation rate 
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/. What would be the heat transfer co-efftcient if the plate is inclined at 30°C with 
horizontal plane. 

Given: 

Pressure, p = 0.080 bar 
Area, A = 50 cm x 0.50 = 0.25 m 2 
Surface temperature, T w = 20°C 
Distance, x=25 cm 0.25 m 



20 + 41.53 



Properties of air at 30.76°C: «30°C: 
p = 997 kg/ m 3 
v = 0.83 x 10~ 6 m 2 /s 
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k = 0.612 W/mK 


Adams 


ju = pxv = 997 x 0.83 x IO -6 
ju = 827.57 xlO 6 Ns /m 2 

a) Film thickness 

We know, for vertical surfaces 


õ r = 


õ r = 


nO.25 


A fjkxff sat — T w ) 

k x h h xp : 

4 x 827.51 x 10 6 x 0.612 x 0.25 x (41.53 - 20) 
9.8 lx 2403.2 x 10 3 x(997) 2 


8 r = 1.46 x 10" 4 m 


b) Local heat transfer co-efficient (h r ) 


K=~ 

8, 


h = 


0.612 


1.46x10 

_ 


ck 




cr 
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h =4.191 W/m 2 K 

___ 




c) Average heat transfer co-efficient (h) 


h = 0.943 


k 3 x p 2 x g x h 


n0.25 


fg 




The factor 0.943 may be replaced by 1.13 for more accurate result as suggested by Mc 


==>h = 1.13 


k 3 p 2 gh 


n0.25 


fg 
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Where L = 50 cm 0.5 m 


/a = 1.13 


(0.612) 3 x (997) 2 x 9.81 x 2403.2 x 10 3 
827.51x 10~ 6 x 5(41.53 - 20) 


0.25 


h = 5599.6 W/m"K 


d) Heat tramfer (Q) 
We know that. 


Q = hA(T„,-T w ) 

= h xAx(r„,-r.) 

= (5599.6) X 0.25 X (41.53 - 20) 


0 = 30.139.8 W 


e) Total steam condensation rate (m) 
Heat transfer, Q = mx h f 



30,139.8 
m =- 


2403.2 x 10 : 
m = 0.0125 kg/s 
f) If the plate is inclined at 

h inclined — hyertical ^ (sill 0 ) 


O h, 
O h, 


inclined — h ver ti ca i 


x (sin 30) 


inclined 


= 5599.6 x(l/2) 


1/4 


hincimed = 4,708.6 wWk 


Let us check the assumption of laminar film condensation 
We know that, 
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Reynolds Number, Re = 


Am 

W/u 


Where 


W = width of the plate = 50 cm = 0.50 m 

„ 4x0.0125 

==>R =■ 


Re = 120.8 


0.50x827.51x10 
< 1800 


-6 


So our assumption (laminar flow) is correct. 


Result: 


a) ô x 

b) h x 

c) h 

d) Q 

e) m 

f) h inclined 


1.46 x 10' 4 
4191 W/m 2 K 

5599.6 W/m 2 K 
30,139.8 W 
.0125 kg/s 


0 + 

4708.6 W/m z I 





cr 
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20. Saturated steam at t sat = 100° C condenses on the outer surface of a 1.4 m long, 2 m outer 
diameter vertical tube maintained at a uniform temperature T w = 60 °C. Assuming film 
condensation, find the following. 


a) Local heat transfer co-efficient at the bottom of the tube. 

b) Average heat transfer co-efficient over the entire length of the tube. 


Given: 


Saturation temperature, T sat = 100°C 
Length, L = 1.4 m 
Outer diameter, D = 2 m 
Surface temperature, T w = 60°C 
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To find: 


1. Local heat transfer co-efficient h x 

2. Average heat transfer co-efficient, h 


Solution: 

Properties of steam at 100°C 
Enthalpy of evaporation, 

h fg =2256.9 kJ/kg 
= 2256.9x10 3 J/kg 


We know that, 


Film temperature, Tf = 


T +T 

W oo 


Tf = 80°C 


60 +100 


cr 
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Properties of air at 80°C: 

p = 974kg/ 


o.. 

14kgl m 3 


<T 


v = 0.364 x 10' 6 nr/s 
k = 0.6687 W/mK 


-6 


ju = pxv = 974 x 0.364 x 10 
ju = 354 x 10“ 6 Ns / m 2 

Assuming that the condensate film is laminar 
For vertical surfaces, laminar flow, 


Film thickness 


4MT sal -T K .) 

8 x h fg x P 2 
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Adams 


4 x 354.53 x 10 6 x 0,6687 x 1.4(100 - 60) 

9.81 x 2256.9 xlO 3 x(974) 2 

[*.• x = L = 1.4m] 


Local heat transfer co-efficient (h x ) 



S x = 1.46 x 10" 4 m 


0.6687 
2.24 xlO' 4 


h = 2985.26 W/nrK 


Average heat transfer co-efficient (h) 

k 2 x p 2 x g x h 


h = 0.943 


l fg 


M><Lx{T sal -T w ) 


The factor 0.943 may be replaced b 




cr 
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==> h = 


'■'lis 


A 'Vg /? .fe n °' 


idby 1.13 fc 

▲ 


for more accurate result as suggested by Mc 


T ) 

w / 


V 


h = 1.13 


(P.6687) 3 x (974) 2 x 9.81 x 2256.9 x 10 3 
354.53 x 10’ 6 x 1.4(100 -60) 


-10.25 


h = 4765.58W/m 2 K 


Let us check the assumption of laminar film condensation 
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We know that, 


Reynolds Number, Re = =- 

.d) 

Q=hAAT 

Heat transfer 

= hx kDL x (T sat — T w ) 

= 4765.58 xttx2x1.4x (lOO — 60) 


Q= 1.67 xlO b 


We know that, 


Q = m h fg 
1.67 xlO 6 =m(2256.9xl0 3 ) 


m = 0.739 kg/s 


Perimeter, P = nD 

- nx 2 


P = 6.283 





£ ^ 


9o 


( 3 ) 


Substitute P, m, // values in equation (1) 


(1) ==> Re = 


6.283 x 354.53 xl0~ 


Re = 1327.04 


So our assumption (laminar flow) is correct 

Result: 

1. Local heat transfer co-efficient, h x = 2985.26 W/m 2 K 

2. Average heat transfer co-efficient, h = 4765.58 W/m“K 
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TWO MARK QUESTIONS AND ANSWERS 


1. What is dimensional analysis? 

Dimensional analysis is a mathematical method which makes use of the study of the 
dimensions for solving several engineering problems. This method can be applied to all types of 
fluid resistances, heat flow problems in fluid mechanics and thermodynamics. 

2. State Buckingham 71 the orem. 

Buckingham ;rtheorem States as follows: “If there are n variables in a dimensionally 
homogeneous equation and if these contain m fundamental dimensions, then the variables are 
arranged into (n - m) dimensionless terms. These dimensionless terms are called n terms. 


3. What are all the advantages of dimensional analysis? 


> It expresses the functional relationship between the variables in dimensional terms. 

> It enables getting up a theoretical solution in a simplified dimensionless form. 

> The results of one series of tests can be applied to a large number of other similar 
problems with the help of dimensional analysis. 

4. What are all the limitations of dimensional analysis? 


'r The complete information is not provided by dimensional analysis. It only indicates that 
there is some relationship between the parameters. 

> No information is given about the internai mechanism of physical phenomenon. 

> Dimensional analysis does not give any clue regarding the selection of variables. 

5. Define Reynolds number (Re 


d2> 

• : _ 



It is defined as the ratio of inertia force to viscous force. 
Inertiaforce 


Re = 


Viscousforce 


6. Define Prandtl number (Pr) 

It is the ratio of the momentum diffusivity to the thermal diffusivity. 

p r _ Momentumdiffusivity 
Thermaldiffusiv ity 
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7. Define Nusselt Number (Nu). 

It is defined as the ratio of the heat flow by convection process under an unit temperature 
gradient to the heat flow rate by conduction under an unit temperature gradient through a 
stationary thickness (L) of metre. 

Nusselt Number (Nu) = ^ c °” v 

Ocond 


8. Define Grashof number (Gr) 

It is defined as the ratio of product of inertia force and buoyancy force to the square of 
viscous force. 


Gr 


Inertiaforce x Buoancyforce 


( Viscousforce ) 

9. Define Stanton number (St). 

It is the ratio of Nusselt number to the product 

» = Nu 



number and Prandtl number. 


Rex Pr 

10. What is meant by laminar flow and turbulent flow i 

Laminar flow: Laminar flow is sometimes called stream line flow. In this type of flow, the fluid 
moves in layers and each fluid particle follows a smooth continuous path. The fluid particles in 
each layer remain in an orderly sequence without mixing with each other. 



CD ii' 


Turbulent flow 


Laminar flow 


Time 


Turbulent flow: In addition to the laminar type of flow, a distinct irregular flow is frequently 
observed in nature. This type of flow is called turbulent flow. The path of any individual particle 
is zig-zag and irregular. Fig. shows the instantaneous velocity in laminar and turbulent flow. 
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11. Define convection. 

Convection is a process of heat transfer that will occur between a solid surface and a fluid 
médium when they are at different temperatures. 

12. State Newton ’s law of convection. 

Heat transfer from the moving fluid to solid surface is given by the equation 

Q = M(T W -Tj 

This equation is referred to as Newton’s law of cooling. 

Where 


h - Local heat transfer coefficient in W/nrK 
A - Surface area in m" 

T w - Surface (or) Wall temperature in K 
T x - Temperature of fluid in K 
13. What is meant byfree or natural convection? 


v< 

tinn ? 


e» 


<ò 


ection c 

If the fluid motion is produced due to change in density resulting from temperature 
gradients, the mode of heat transfer is said to be free or natural convection. 

14. What is forced convection? 

If the fluid motion is artificially created by means of an externai forced like a blower or 
fan, that type of heat transfer is known as forced convection. 


15. What is the forni of equation used to calculate heat transfer for flow through cylindrical 
pipes? 


Nu = 0.023 (Re) 0 8 (Pr) n 


n = 0.4 for heating of fluids. 
n = 0.3 for cooling of fluids. 

16. What are the dimensionless parameters used in forced convection? 

> Reynolds number (Re). 

> Nusselt number (Nu). 

> Prandtl number (Pr). 
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17. Define boundary layer thickness. 

The thickness of the boundary layer has been defined as the distance from the surface at 
which the local velocity or temperature reaches 99% of the externai velocity or temperature. 

18. Indicate the concept or significance of boundary layer. 


In the boundary layer concept the flow field over a body is divided into two regions; 

> A thin region near the body called the boundary layer where the velocity and the 
temperature gradients are large. 

> The region outside the boundary layer where the velocity and the temperature gradients 
are very nearly equal to their free stream values. 


19. Write down the momentum equation for a steady, two dimensional flow of an 
incompressible, constant property Newtonian fluid in the rectangular coordinate system and 

Momentum equation, 

P 


Where, 


õu ôu 

u - b v 

ôx õy 


õu õu 

u - b v — 

ôx õy 



_ ÕP 

~õ 2 u õ 2 u 

A 

1 * 

1 

. * 

J-H 

II 

-1 

õx + 5y 2 J 


F x = Body force. 


ÕP 

— = Pressure force. 

o w 


U + ——r = Viscous forces. 



ôx 2 Õy 1 


20. Sketch the boundary development of a flow. 
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21. Define displacement thickness. 

The displacement thickness is the distance, measured perpendicular to the boundary, by 
which the free stream is displaced on account of formation of formation of boundary layer. 

22. Define momentum thickness. 

The momentum thickness is defined as the distance through which the total loss of 
momentum per second be equal to if it were passing a stationary plate. 

23. Define energy thickness. 


The energy thickness can be defined as the distance, measured perpendicular to the 
boundary of the solid body, by which the boundary should be displaced to compensate for the 
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UNIT-III 


RADIATION 

Thermal radiation is electromagnetic radiation generated by the thermal motion of charged 
particles in matter. All matter with a temperature greater than absolute zero emits thermal 
radiation. When the temperature of the body is greater than absolute zero, inter-atomic collisions 
cause the kinetic energy of the atoms or molecules to change. This results in charge- 
acceleration and/or dipole oscillation which produces electromagnetic radiation, and the wide 
spectrum of radiation reflects the wide spectrum of energies and accelerations that occur even at 
a single temperature. 


Sunlight is part of thermal radiation generated by the hot plasma of the Sun. The Earth also 
emits thermal radiation, but at a much lower intensity and different: pectr; I distribution (infrared 
rather than visible) because it is cooler. The Earth's absorption of solar radiation, followed by its 
outgoing thermal radiation are the two most important processes that determine the temperature 
and climate of the Earth. 


its thermal radie 


A blackbody refers to an opaque object that emits the mal radiation. A perfect blackbody is one 
that absorbs all incoming light and does not reflect any. At room temperature, such an object 
would appear to be perfectly black (hence the + erm blackbody). However, if heated to a high 
temperature, a blackbody will begin tc glow with thermal radiation. 


In fact, all objects emit thermal radiation (as long as their temperature is above Absolute Zero, or 
-273.15 degrees Celsius), but no object emits thermal radiation perfectly; rather, they are better 
at emitting/absorbing some wwelengths of light than others. These uneven efficiencies make it 
difficult to study the interaction of light, heat and matter using normal objects. 


At the beginning of the 20th century, scientists Lord Rayleigh, and Max Planck (among others) 
studied the blackbody radiation using such a device. After much work, Planck was able to 
empirically describe the intensity of light emitted by a blackbody as a function of wavelength. 
Furthermore, he was able to describe how this spectrum would change as the temperature 
changed. Planck's work on blackbody radiation is one of the areas of physics that led to the 
foundation of the wonderful Science of Quantum Mechanics, but that is unfortunately beyond the 
scope of this article. 
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Planck and the others found was that as the temperature of a blackbody increases, the total 
amount of light emitted per second increases, and the wavelength of the spectrunYs peak shifts 
to bluer colors . 



For example, an iron bar becomes ora. nr -red when heated to high temperatures and its color 
progressively shifts toward blue and white as it is heated further. 

In 1893, German physicist Wilhelm Wien quantified the relationship between blackbody 
temperature and the wavelengt' of the spectral peak with the following equation: 

A max • T = 0.29 cm K 

where T is the temperaturé-in Kelvin. Wien’s law (also known as Wien’s displacement law) States 
that the wavelength of maximum emission from a blackbody is inversely proportional to its 
temperature. This makes sense; shorter-wavelength (higher-frequency) light corresponds to 
higher-energy photons, which you would expect from a higher-temperature object. 

For example, the sun has an average temperature of 5800 K, so its wavelength of maximum 
emission is given by: 


\nax — 


0.29 cm 
5800 


= 500 nm 
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This wavelengths falis in the green region of the visible light spectrum, but the sun's continuum 
radiates photons both longer and shorter than lambda(max) and the human eyes perceives the 
sun's color as yellow/white. 

In 1879, Austrian physicist Stephan Josef Stefan showed that the luminosity, L, of a black body 
is proportional to the 4th power of its temperature T. 


L — A- a-T^ 

where A is the surface area, alpha is a constant of proportionality, and T is the temperature in 
Kelvin. That is, if we double the temperature (e.g. 1000 K to 2000 K) then the total energy 
radiated from a blackbody increase by a factor of 2 4 or 16. 

Five years later, Austrian physicist Ludwig Boltzman derived the same equation and is now 
known as the Stefan-Boltzman law. If we assume a spherical s ir with radius R, then the 
luminosity of such a star is 


L = AnR 2 -a-T A 

tefan- 


O 


where R is the star radius in cm, and the alpha is the Stefan-Boltzman constant, which has the 
value: 


a = 5 j 67^0" 8 W/m2K4 

Blackbody Radiation Heat Transfer 

The heat emitted by a blackbody (per unit time) at an absolute temperature of Tis given by 
the Stefan-Boltzmann Law of thermal radiation, 


Q = Ao7 A =AEi 


blackbody 


where ^ has units of Watts, A is the total radiating area of the blackbody, and s is the Stefan- 
Boltzmann constant. 


A small blackbody at absolute temperature 7enclosed by a much larger blackbody at absolute 
temperature T e will transfer a net heat flow of, 

Q = Ao(T 4 -T 4 ) 


The small blackbody still emits a total heat flow given by the Stefan-Boltzmann law. However, the 
small blackbody also receives and absorbs all the thermal energy emitted by the large enclosing 
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blackbody, which is a function of its temperature T e . The difference in these two heat flows is the 
net heat flow lost by the small blackbody. 

Gray Body Radiation Heat Transfer 

Bodies that emit less thermal radiation than a blackbody have surface emissivities e less than 1. 
If the surface emissivity is independent of wavelength, then the body is called a "gray" body, in 
that no particular wavelength (or color) is favored. 


The net heat transfer from a small gray body at absolute temperature T with surface 
emissivity e to a much larger enclosing gray (or black) body at absolute temperature T e is given 
by, 

Q = sAo(f~T 4 ) 




fo 


Radiation Exchange between small gray bodies: 

Considertwo gray bodies 1 and 2 having emissivities ei, s 2 or absorptivities ai, oc 2 . 

They are said to be small if their size is very small con oa 

M 

radiation emitted by 1 is partly absorbed by 2. Tht portion of radiation unabsorbed and thus 
reflected on the first incidence is considered to s e lost in space, that is, nothing returns again to 


r aosc 

to the distance between them. The 


surface 1. The same can be said of suric ce 2 as well. 
The energy emitted by body 1 = Aisi gTi 4 
The energy incident on body 2 = F12A12SICJ n 4 
The energy absorbed by body 2 = CX2F12A1SIGT1 4 


The energy transferfr 'm 1 to 2 is 

Qi = SIS2A1F120T1 4 

Similarly energy transfer from 2 to 1 is 


Q2 = SIS2A2F21 gT 2 


Net radiant heat exchange between the two bodies is 
Qi 2 =sis 2 AF g( Ti 4 -T 2 4 ) 

Where AF = AiFi2= A2F21 
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Radiation exchange between large parallel gray planes 

Consider two very large parallel gray surfaces Al and A2,a small distance apart and exchanging 
radiation. All the radiation emitted by one plane must reach and be intercepted by the other 
plane. 


Plane 1 



Fig.8. Heat exchange between two large parallel planes by radiation 


Radiation emitted by Ai = siaTi 4 

Radiation absorbed by A 2 = ot 2 siaTi 4 

(on first incidence) 

Radiation reflected by A 2 = p 2 siaTi 4 

Radiation absorbed by Ai = aip2si<TlY 

Radiation reflected by Ai = pip 2 siaTi 4 




cr 
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Radiation absorbed by A 2 = ot 2 pip 2 siaTi 4 = pip 2 sis 2 aTi 


The same appiies to surface 2. 

The net exchange of energy for an area A is 


Q 12 - 


e,s- 


1 - PiP 



TV - T 2 4 ) = 


Í-] 


í—1 

, 




Aa( TV - T 2 4 ) 


-1 


Radiation shields 

Radiation shields are often used to reduce the heat transfer by radiation between surfaces by 
effectively increasing the surface resistance without actually removing the heat from the overall 
system. A very effective insulation can be provided by using many layers of radiation reflecting 
films separated by a vacuum. Thin sheets of plastic coated with highly reflecting metallic films on 
both sides serve as very effective radiation shields. A familiar application of radiation shields is 
in the measurement of the temperature of a fluid by a thermometer or a thermocouple which is 
shielded to minimize the radiation effects. 

Consider use of a single shield in a two-surface enclosure, such as that associated with large 
parallel plates: 
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Radiation 

shield 


4i 


4 13 


-3, 1 


432 


“3, 2 


-^2 


^1’ -^1’ £ 1 


^3- ^3 


a 2 , r 2 , e 2 


Ql3 - 


1 


í 0 


— 

4* 

y 



Aa( T i - T 3 ) 


— i-l 

*3 J 


Q 3 2 - 


1 



1 


-1 


\ £ 1 J 


Ql2 “ 



cf 
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Aa( T 3 4 - T 


Aa( T, 4 - T 2 4 ) 


This equation can be generalized for a system of two parallel plates separated by n screens of 
emissivity as 

Q12 = 



£ 1 


1 


1 


— +2 £ — - (W + 1) 
. e 2 j £57 1 


Ao( Ti 4 - T 2 4 ) 
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1. Calculate the following for an industrial furnace in the form of a black body and emitting 
radiation at 2500 °C 

(i) Monochromatic emissive power at 1.2 pm length 

(ii) Wavelength at whieh the emissive is maximum 

(iii) Maximum emissive powers 

(iv) Total emissive power 
Given Data: 

Surface temperature, T = 2500 °C = 2773 K 

To Find : 

(i) Monochromatic emissive power, Eb at A, = 1.2 m length 

A = 1.2X10‘ 6 m 


(ii) Wavelength at maximum, A max 

(iii) Maximum emissive power, (Ebr) n 

(iv) Total emissive power, Eb 

Solution: 


(i) 


Ebr = 


Ci A- 




<ò 


9o 


Çi 

AT 


-1 [HMT data book. Pg. 82] 


Let Ci = 0.374177107 xlO 15 W/m 2 


C 2 = 0.014387752 mk 


Ebr = 


0.374177107X10 15 X (1.2X10- 6 )' 5 = 1.5037X10 


U4 


ÃWM387752 

1.2X10 h X2773 


74.472 


E b r = 2.019X10 12 W/rn 2 


(ii) A max T = 2898 pmk 

Amax . 2773 = 2898 X 10 6 mk 
Amax = 1.045 X10 6 m 

(iii) (EbOmax = 1.307X10° T 

= 1.307X10 5 (2773) 5 
(Ebr) max = 2.143X 10 12 W/m 2 


(iv) Eb = cT 4 

= 5.67X10" 8 x (2773) 4 
E b =3.352 XlO 6 W/m 2 
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2. Two parallel plates of size lm x lm spaced 0.5m apart are loeated in very large room, the walls are 
maintained at a temperature of 27°C. One plate is maintained at a temperature of 900°C and the 
other at 400°C. Their emissivities are 0.2 and 0.5 respeetively. If the plates exehange heat between 
themselves and surroundings, find the heat transfer to eaeh plate and to them. Consider only the 
plate surfaee facing eaeh other. (16 marks) [ May/June 2012] 

Given Data: 

Plate size = lm x lm 
Plate distance = 0.5 m 
First plate temperature, Ti = 900°C = 1173k 
Second plate temperature, T 2 = 400°C = 673 k 
Emissivity of first plate, si = 0.2 
Emissivity of second plate, 82 = 0.5 
To Find: 

a) Heat transfer to eaeh plate 
b ) Heat transfer to room. 


Solution: 




e» 
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Heat transfer take place two plates and also room. So, this is three surfaee problem. 
Area, Ai = 1 x 1 = lm 2 Ai = A 2 = Inr 

The room size is infinity. [HMT data book pg.no.93] 

X = L/D = 1/0.5 = 2 
Y = B/D = 1/0.5 = 2 
Fi2 = 0.41525 

We know that, Fii+Fi 2 +FJJ^ But, F 11 = 0 [Due to room] 

We know that, 

F11+F12+F13 - 1 But, 1% = 0 
So, 0 +F12+F13 = 1 
Fl 3 =1 — Fl2 
= 1-0.41525 


Fi3= 0.5847 


Similarly, 

F21+F22+F23 =1 

But, F22 = 0 [Due to room] 

F21 + 0 + F23 = 1 

F 23 = I-F21 = 1 - 0.41525 


F 23 = 0.5847 


Stefan - Boltzmann law, Eb = cT 4 

Ebi = aTi 4 


= 5.67X10 8 (1173) 4 


Ebi= 107.34 X10 3 


k/m 2 
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E b2 = oT 2 4 = 5.67x10 8 (673) 4 


E b2 - 11.63 x 10 3 W/m 2 


E b3 = c>T 3 4 = 5.67x10 8 (300) 4 


Eb 3 = 459.27 W/m 2 


At Node Ji, 


Ebi — Ji + J 2 — J i + 
4 1 

AlFia 


Eb3-Ji = o 

1 

Ai Fi3 


107.34 xl0 3 -J, + 


J 2 -J 1 


459.27 -Ji 


= 0 


1 

lx 0.41525 


1x0.5847 


26835 -Ji 


J 2 


2.408 


Ji + 268.54- J 

2.408 1.102 



.. 


26835 - 0.25 J, + 0.415 J 2 - 0.45 Ji + 268.54 - 0.5847 J, =0 


-1.2497 Ji + 0.415 J 2 - -27.10 xlO 3 -►Q 

At Node J 2 , 

(J 1 -J 2 )/ ( I/AíFij) + (E b3 -J 2 ) /I/A 2 F 23 + (Eb2-J 2 )/2 =0 
(J 1 -J 2 ) / (1/lx 0.41525) + (459.27-J2) / (1/1x0.5847) + (11.63xl0 3 -J 2 ) / 2 = 0 


Ji/2.408 - J 72.408+ 268.54-- 0.5847 J 2 + 5.815 xlO 3 - 0.5 J 2 = 0 

0.415 Ji - 1.4997 J 2 = - 6.08 xlO 3 _ 

From solving Eqn. 1 & Eqn. 2 

-1.2497 Ji + 0.415 J 2 = - 27.10 x 10 3 
0.415 Ji- 1.4997 J 2 = - 6.08 xlO 3 
Weget. J 2 - ll.Oóx 10 3 W/m 2 
Ji = 25.35 x 10 3 W/m 2 


0 


Heat lost by plate 1, Qi = 


Ebi - Ji 

1-Si 

A1S1 


107.34X10 3 - 25.35 X10 3 
(1-0.2) / (1X0.2) 
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Q, = 20.49 x 10 3 W 


Heat lost by plate 2, Q 2 = Eb 2 -Í 2 = 11.63X10 3 

( 1 - 82 ) /A 282 


11.06 x 10 3 
(l-0.5)/l x 0.5 


Q 2 = 570W 


Total heat lost, Q = Q,+Q 2 = 20.49X10 3 +570 


Q = 21.06X10 3 W 


Total heat received/absorbed by room, Q = 


Tí = E b3 

v J 


25.35x10 3 -459.27 


1/1 x 0.5847 


Ji — J 3 + J 2 - J 3 
1/ Ai F 13 1/ A 2 F 23 

11.06 xlO 3 - 459.27 
1/1 x 0.5847 


Q =20.752 x 10 3 W 


3. Derive Wien’s displacement law of radiation from plank’s law. (May/June 2012) 

Wien’s displacement law States that the product of X, m ax and T is constant 


(i.e.) A, max .T = Constant 

From Planck’s law, 

(E,) b = 27tC 2 bX.~ 5 

t ch/KI 1 

. w“ 

(E>.)b becomes maximum (if T = Constant) when 


cf 


d(E,)b 

dk- 

d(E,) b = 
d;. 


= 0 


_d 

di 


Cl X' 


r 


.t 


= 0 


(or) 


c 2 /,il 


r 


-5 Ci 7/ 






C v5 


1 ^ 


T 


e Ò$kT C 2 /T -1/A, 2 = 0 


10 






- exp C2 /iT + 1+(1/5)C 2 (1/A,T) exp C^/AT 

By Trial and error, 

A max T = C 2 = 1.439X10 4 pmK 


4.965 


4.965 


/- „,ii\ T =2898 pmk 


4. (a) Find The energy emitted by a blaek body at 700°C [ Nov/Dec-2011] 


HMTdatabookPg.no .82 ^ 






GIVEN DATA: 

Surface temperature, T = 700°C = 973k. 

To FIND: 

Energy emitted by a blaek body 

SOLUTION : 

Energy emitted, Eb = 0 T 4 
o = 5.6 X 10‘ 8 W/m 2 K 4 
E b = 5.67X10 8 (973) 4 = 50.82X10 3 W/m 2 

(b) A furnace is approximated as an equilateral triangular duet of sufficient length so that end effeet 
can be negleeted. The hot wall of the furnace is maintained at 900k and has the same emissivity. Find 
the net radiation heat blur leaving. The wall. Third wall of the furnace may be assured as a 
reradiating surface. 

Two of the surfaces of a long equilateral triangular furnace are maintained at uniform 
temperature while the third wall is reradiating surface. 

à. f>, 

T 2 = 900 K 
s 2 - 0. 



Ti = 400K 
s 1 = 0.8 

The radiation network in This Case is a simple series parallel Connection. 


Ql 

A 


Qi_ 

A 


Ebi - Eb 2 


rt + 


v. 


1 + 1 + T\ 

R 12 Rl3 R 2 3 

Ebi - Eb 2 


1-Si + 
Sl 


r Fn+ 1 ^ 

1/R 13 + 1/R 2 3 

v J 


1-82 

82 
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Fi 2 - F 13 - F 23 = 0.5 [Symmetry] 


E bl = aTi 4 = 5.67 x 10' 8 x (400) 4 = 1451.52 W/m 2 
Eb 2 = aT 2 4 = 5.67x IO' 8 x (900) 4 = 37200.87 W/m 2 



As the beam passes through The gas layer, its intensity gets reduce and the decrease is given by. 
dl; \ — -EE I / \. dx 

Where, 

Ex - Monochromatic intensity at a distance x 

K>. - Proportionality Constant 

Integrating above equation between x=0 and X=L 

í x = L x=o dl« = Í X=L x =o - KX . dx 

ÊT 

Ln El = -K/.L 
Eõ 

El = Eo e _ia L 

Where, El - radiation intensity at x = L 
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5. b) Consider two concentric cylinders having diameters lOcm and 20cm and a length of 20cm. 
Designating The open ends of the cylinders as surface 3 and 4, estimate the shape factore, F 3-4 (10 
marks) [Nov/Dec - 2011] 

From data book pg.no 104 

r 3 = 5 cm 


r 4 = 10 cm; L=20cm 

L/r 4 = 20/10 = 2; r 3 /r 4 = 5/10 = 0.5 

F 4-3 — 0.44 


A3F3-4 = A4F4-3 
F3-4 = A4/A3. F4-3 = 


TtxlO 2 x 0.44 = 4x0.44= 1.76 


7tx5 2 


Shape factor, F 3 - 4 = 1-76 

6. a) Distinguish between irradiation and radiosity ? [ May/June 2013] Cv 

Radiation mtensity is nothmg but radiation heat transfer. The heat radiated per umt time per umt 
area is The radiation intensity ( Q/A = q) 

Irradiation: G = Total radiation incident upon a surface per unit time and per unit area. 

Q/A = J- G (or) Q = Eb - J 


b) 


1 Cl OUllUCC amt ÚT 

. 


(l-s)/sA 

A double walled cylindrical vessel used for storing liquid oxygen at -18.c The inner wall is 
coated with a point with e = 0.02. The temperature of the inner surface of the outer wall is 2.c. It is 
also coated with same painting. The inner wall surface area is 80% of outer the inner wall surface 
area is 0.15 m2. Determine heat radiated. [Apr/May 2012 ] 


SOLUTION : 


Ai = 0.15 nr 


0.15 = 0.8 A 2 




er 


A 2 = 0.15/0.8 = 0.1875 m 2 
R, = I -8 1 = 1-0,02 = 326.66 l/m 2 

Ais 2 0.15x0.02 

R 2 = F-s 2 = 1-0.02 _= 261.33 1/m 2 

A 2 s 2 0.1875x0.02 

F 12 = 1 [Since “L” is not given, L = 00, Refer page 84 of HMT data book ] 

R = 1 1 6.666 /m 2 

AiFi 2 0.15x1 

Ebi-E b2 =a(Ti 4 -T 2 4 )= 5.67X10- 8 (255 4 -293 4 ) =-178.14 W/m 2 

Q 12 = Ebi-E b2 = -178.14 _ 

Ri+R+R 2 326.66+6.66+261.33 
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Qi 2 = -0.29956 W 

“-ve sign indicates that heat is radiated in opposite direction. 

7. Two very large parallel planes are respeetively. 0.8 and 0.3. To minimize the radiation exehange 
between the planes, a polished aluminum radiation shield is plaeed between them. If the emissivity of 
the shield is 0.04 on both sides, find the percentage reduction in heat transfer rate. (10 
marks)[Apr/May - 2011] 

GIVEN DATA: 


Emissivity, si = 0.8, 82 = 0.3, 83 = 0.04 

To find : 

% Reduction in heat transfer rate. 

Solution: 

Heat transfer without radiation shield. 
Q 12 = s“a A (T 1 4 - T 2 4 ) 

Let s~ = 1 = 


I /81 + I /82 - 1 


_ 
1/0.8 + 1/0.3 -1 


e» 


9o 


8 = 0.279 


Q 12 = 0.279 a A (T 1 4 - T 2 4 ) 

Heat Transfer with radiation shield 

Qradiation shield A CJ ( T1 - 


íield 

i 4 -T^ ^ 


0 


1 /si + l/s 2 + 2 n/s 3 - (n+ 1 ) 
Let n = No. of radiation shield. Q radiation shield 


^radiation shield 


Ao(Ti - T 2 4 ) 


1/0.8+1/0.3+2X1/0.04 - (1+1) 
= Ao[Ti 4 -T 2 4 ] 


52.58 


Qradiation shield — 0.0 1 9 A O (Tl 4 - T2 4 ) 

% Reduction in heat transfer rate = Qwithout shield - Q with shield 

Qwithout shield 

= 0.2790 o A (Ti 4 - T 2 4 ) - 0.019A o (Ti 4 - T 2 4 ) 

0.279 o A (Ti 4 - T 2 4 ) 


= 0.279-0.019 = 93.18% 

0.279 
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[ Nov/Dee - 2010 ] 


8. Define the Following 

(i) Black body (ii) Grey body (iii) Opaque body (iv) white body 

(i) Black body : 

This black body absorbs all the radiation falling on it surface. 

For this body a=l,Sox = 0, p = 0 

(ii) Grey body : 

For this grey body, absorptivity does not very with temperature and wave length of the incident 
radiation. So, for a gray body a = (a)X= Constant. 

(iii) Opaque body : 

This opaque body does not transmit any radiation falling on its surface. Here x = 0, So, a+ p 

= 1 


(iv) White body: 

This white body reflected all the radiation felling on its surfaces 

9. The radiation shape factor of the circular surface of a thin hollow cylinder of lOcm diameter and 
lOcm length is 0.1716. What respect to itself ? [Nov/Dec - 2010] 

Given data : 

ri =r2 = 10/2 = 5 cm, L - lOcm, Fm = 0.1716 
Here Fl-2 = F 2 -i as Ai = A2 

The shape factor relation between all the three surfaces i en by, 

Fi-1 + Fl-2 + Fi- 3 = 1 -p 

F3-3 + F3-2 + F3-1 = 1 
But F3.1 - F3.2 and Fm = F2-2 = 0 
Substituting ( 3 ) in ( 1 ) 

F3.3 + F3-1 + F3-1 = 1 

F3.3 = 1-2 F3-1 
Also A1F1.3 = A3F3-1 

F3-1 = F3-1 X A1/A3 = F1-3 X 7lR 2 




© 


2jtrL 


F 3-1 = Fi -3 X r/2L 
From equation (1): 

Fi-3 = 1-Fi- 2 (Fm = 0) = 1-0.1716 = 0.8284 -► 0 

F3-1 = 0.8284 x 5/(2xl0) = 0.2071 
Now substituting F3-1 in eqn. (4) 

F3.3 = 1-2 (0.2071) = 0.5858 

10. (a) Discuss briefly the variation of black body emissive power with wave length for different 

temperatures [ Apr/May - 2008 ] 
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A plot of (Ea,) b as a function of temperature and wavelength is given in 
The plot shows the following characteristics of block body radiations. 

1) The energy emitted at all wavelength increases with rise in temperature. 

2) The peak spectral emissive power shift towards a smaller, wavelength at higher temperature. 

3) The area under the monochromatic emissive power versus wavelength at any temperature. Given the rate 
of radiation energy emitted within the wavelength interval dk. 

dE b = (E>.)b . d/.. 

b) The spectral emissivity function of an opaque surface at 800K is approximated as . 


£r = 


0 < A, < 3pm 
3 pm <X < 7p m 
7 pm <A, < co 


Calculate the average emissivity of the surface and its emissive po 


£r = 

SOLUTION: 

Average emissivity of the surface, 

£ = £l£2 + £2£3 + £3 

= (0.3 x0.8) + 

Emissive power, Eb = a £ 

= 0.35 x 5.6 7 x IO’ 8 x 800 4 



(0.1 x 0.3) = 0.35 
oT 4 


E b = 8128.5 W/m 2 


11) Explain briefly the following [ April/May - 2008 ] 

(i) Specular and diffuse reflection 

(ii) Refleetivity & transmissivity 

(iii) Reciprocity rule and summation rule 
(i) Specular and diffuse reflection : 
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Specular and reflection occurs from a surface such as a mirror, which is very smooth, an image of the 
source of radiation is projected the angle of reflection is equal to angle of incidence. Diffuse 
radiation occurs when the surface is rough and the reflection from the surface occurs partially in 
discriminately in all directions. 

(ii) Refleetivity and transmissivity : 

P = Qp/Q is the fraction of incident 
Radiation reflected and is called refleetivity. 

I = Qt/Q is the fraction of incident radiation transmitted and is called transmissivity. 

(iii) Reciprocity rule and summation rule: 

If Q be the rate at which a surface receives heat and of this amount Q is reflected. Q T transmitted and 
Q x absorbed. Then by the principie of conservation of energy. total sum must be equal to incident 


radiation. 

(i.e) Reflection + Transmission + Absorption = Incident radiation. 
Qp + Qr + Qa — Q (or) Qp/Q + Qt/Q + Qa/Q — 1 p+t 


Qp + Qt+Q«=Q (or) Qp/Q + Qt/Q + Qa/Q = 1 P+T+a=l 
1. A) Deduce the generalized equation for heat transfer to a system of two parai lc 1 plates separated by 




“in” screens. Consider two parallel planes Al and A2 as shown. 

Let us consider two parallel planes, 1 and 2 each of area A at temperatures Ti 
and T 2 respectively with a radiation shield placed between them as shown in fig. lt is known that the net 
heat exchange between parallel planes without any radiation shield placed between them is, 


Q 12 — Ao(Ti 4 - T 2 4 ) 
1 + 1-1 




If the emissivity of the radiation shield is 83 , we can use this equation to find heat exchange between 1, 3 
and 3,2. 

Q13 = A a (Ti 4 -T 2 4 ) -► B 

J_+ 1_-1 

Sl 83 

Q32 — A q (T3 4 - T 2 4 ) -► C 

1 _+ _ 1 _ 1 

83 8 2 

Since the shield does not deliver or remove heat from the system: 

Q13 = Q32 

Eliminating T3 from equation (B) and (C). 

Q13 = A q (T 1 4 - T 2 4 ) _^ D 

(1/8 1+ 1/83 - 1 ) +(1/ 6 3 + 1/ 8 2 - 1) 

Dividing equation (D) by (A), we get. 


Q1 3 = 


(1/8 1 + 1 / 82 - 1) 
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Ql2 (1/ 8 1 + 1/ 8 3 - 1) + (1/ 8 3 + 1/ 8 2- 1) 

If 8 i = 8 2 = s 3, Then right side of equation (E) reduces to Vi (or) 

Ql 3 — Q32 = Vi Ql2 

Thus by inserting one shield between two parallel surface, the direct radiation heat 
transfer between them is halved. 

Sometime more than one shield is used, and in general case where there are in shields, all the 
surface resistance would be the same, since the emissivities are equal. There will be two of these surface 
resistance for each shield and one for each heat transfer surface, there will also be (n+1) shape resistance but 
the shape factors are unity for all infinite parallel planes. 


Total Resistance (R n )= 
1 ) 


[ (2n+2) (1- 8 } s) + (n+1) (1) = f (n+1) (2/s- 


The radiant heat transfer rate between two infinitely large parallel plates 
separated by in shields is therefore. 


Qn = 


1 . A a (Ti 4 - T 2 4 ) 
(n+1) (2/s - 1 ) 


... 


h 


12.a)Emissivities of two parallel plates at 800.C and 300.C are 0.3 and 0.5 respeetively. Find the net 
energy transfer rate per square meter. [ Nov/Dec - 2007 ] 


SOLUTION 




The heat exchange per unit area between two large parallel plates is given by. 

c(Ti 4 -T 2 4 ) 


Q 12 = qi 2 = 

~K 


= 5.67 X 10-8 [ 10734 - 5734] 

I /81 + I/S 2 - 1 1/0.3 + 1/0.5 - 1 

= 5.67 X 12352 = 16.2 KW/m 2 
433“ 


b) Show from energy balance consideration that the radiation heat transfer from a plane Composite 
surface area A 4 and made up of plane surface area A 2 and A 3 to plane surface area Al is given by, 


A4F41 = A3F31 + A2 F21. and F14 + F12 +F13 


PROOF : 

If two surface Ai and A 4 
Are parallel and large, radiation 
Occurs a gross the gap between them 
so that Ai and A 4 and all 
radiation emitted by one falis on 
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the other, then 


F1-4 = F 4-1 = 1 


If one of the surface say A 4 is divided into subareas A 2 and A 3 then A 1 F 1-2 = A 2 F 12 + A 3 F 13 

Thus it the radiant surface is subdivided, the shape factor gore that surface with respect to the 
receiving surface is not equal to sum of individual shape factors. 

A4F4-1 = A3F31 + A2F21 (or) F41 =F31 + F21 


Hence the shape factor from a radiating surface to a subdivided receving surface is simply the sum 
of individual shape factors. 

c) Using the definition of radiosity and irradiation prove that the radiation heat exehange between 
two grey bodies is given by the radiation 


Qnet — 0(T 14 - T24) 


1 -Ei + 1 + 1-82 

A1F1-2 ^A.282 


AiE 




e» 


(o 


The radiosity comprises meth original emit lance from the surface plus the reflected portion of any 
radiation incident upon it. 

J=E+PG (or) J=E b +PG 

Where Eb = Emissive power of a perfect black body at the same temperature. 

Also a+p+x=l 

a+p = 1 (x =0, the surface black opaque) 

(or) p =1 -X 

J = 8 Eb + (l-a) G 
But a = 8 (by Kirchhoff s law) 

(or) J = 8 Eb + (1 -s) G 
(or) G= J-eEb 

1-8 

The net energy leaving a surface is the difference between its radiosity and irradiation, Thus. 

Q net = J-G = J- eEb = J(l-e)- (J-eEb) 


A ( 1 - 8 ) 1-8 

= J-Js-J+eEb = e[Eb-J] 


Qnet — 


1-8 

Ae(Eb-J) = 


1-8 

Eb-J 


1-8 


1-e/Ae 
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The quantity 1-s/As is called surface resistance. 

Now consider the exchange of radiant energy between two surface 1 and 2 

The net interchange of heat between the surface (Q 12 ) is given by Qn = J 1 A 1 F 1-2 - J 2 A 2 F 2-1 
But A 1 F 1-2 = A 2 F 2-1 


Ql 2 = AiFi -2 (J 1 -J 2 ) 

(or) Qi -2 = J 1 -J 2 /I/A 1 F 12 ) 

1 is called space resistance. 


A,F 


l-Tl-2 


The net heat exchange between two gray surface is given by 


1-81 1 

1-82 

A181 AiFi-2 

A282 

(Ql2)net — 

Ebi - E b2 


1-si +1+1 


1-82 

A 282 


x<2> 

-cr 


9o 


o(T 14-T 24 ) 


A 1 S 1 A 1 F 1 -. 



I -81 + 1 


A282 

Falculate th* 


A181 


A1F1.2 


13. A black body at 3000 K emits radiation. Calculate the following: 

i) Monochromatic emissive power at 7 pm wave length. 

ii) Wave length at which emission is maximum. 

iii) Maximum emissive power. 

iv) Total emissive power, 

v) Calculate the total emissive of the furnace if it is assumed as a real surface having emissivity 
equal to 0.85. 

Given: Surface temperature T = 3000K 
Solution: 1. Monochromatic Emissive Power: 

From Planck’s distribution law, we know 
5 


^b/l 


C,Ã~ 


J _ 1 


Where 


[From HMT data book, Page No.71] 

ci =0.374 x 10 15 Wm 2 
c 2 = 14.4 x 10 3 mK 
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X = 1 X 10 6 m 


[Given] 


61 5 


^b/l 


0.374x10 [1x10 ] 


144x10 


1x10 b x3000 


j-i 


E bi =3.10x10 12 W/m 2 

2. Maximum wave length (7„, ; ,x) 


From Wien’s law, we know 

A max T = 2.9x10- 3 mK 
2.9x10 3 




^-ma 


3000 

= 0.966 x 10" 6 m 


3. Maximum emissive power (EbO max: 


Maximum emissive power 


(EbA,)max 

= 1.307 x 10 5 T 5 


= 1.307 x 10 5 x (3000) 

(EbA,)max 

= 3.17 x 10 12 W/m 2 






x<2> 

cr 


9o 


4 . Total emissive power (Eb): 

From Stefan - Boltzmann law, we know that 
E b = a T 4 

| From HMT data book Page No.71] 
Where a = Stefan - Boltzmann constant 

= 5.67 x 10 8 W/m 2 K 4 
=> E b = (5.67 x 10 8 ) (3000) 4 
E b =4.59 x 10 6 W/m 2 

5. Total emissive power of a real surface: 


(Eb)real = 8 O T 4 

Where s - Emissivity = 0.85 


(Eb)reai = 0.85 x 5.67 x 1 0 8 x (3000) 4 
(E b ) real = 3.90x10 6 W/m 2 
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14. Assuming sun to be black body emitting radiation at 6000 K at a mean distance of 12 x IO 10 
m from the earth. The diameter of the sun is 1.5 x 10 9 m and that of the earth is 13.2 x 10 6 m. 
Calculation the following. 

1. Total energy emitted by the sun. 

2. The emission received per m 2 just outside the earth’s atmosphere. 

3. The total energy received by the earth if no radiation is blocked by the earth’s atmosphere. 

4. The energy received by a 2 x 2 m solar collector whose normal is inclined at 45° to the sun. The 
energy loss through the atmosphere is 50% and the diffuse radiation is 20% of direct radiation. 


Given: Surface temperature T = 6000 K 
Distance between earth and sun R = 12x 10 10 m 
Diameter on the sun Di = 1.5 x 10 9 m 
Diameter of the earth D 2 = 13.2 x 10 6 m 

SoIution:l. Energy emitted by sun Eb = cr T 4 

=> E b = 5.67x10" 8 x(6000) 4 


v< 

[ v cr = Stefan - Boltzmann constarT 


e» 


9o 



= 5.67x10' 8 W/m 2 K 4 

E b = 73.4 x 10 6 W/m 2 
Area of sun A 1 = 4 n R, 2 


= An x 


Energy emitted by the sun 

E b = 7T4 x10 6 x7x10 18 


E, =5.14x10 W 


2. The emission received per m 2 just outside the eartiTs atmosphere: 

The distance between earth and sun R = 12x 10'°m 
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Area, A = An R 2 

= 4x;rx(12x10 10 ) 2 

A = 1.80x10 23 m 2 

=> The radiation received outside the earth atmosphere per 
m 2 

_ E, 

A 

5.14x10 26 
" 1.80x10 23 
= 2855.5 W/m 2 
3. Energy received by the earth: 


n 


Earth area = — (D„) 
4 2 


n 


= ^-x [13.2x10 6 ] 2 


Earth area = 1.36 x 10 4 m 2 


Energy received by the earth 

= 2855.5x1.36x10 4 
= 3.88x10 17 W 




9o 


ollector; 


4. The energy received by a 2 x 2 m solar collector; 

Energy loss through the atmosphere is 50%. So energy reaching the earth. 

= 100 -50 = 50% 

= 0.50 


Energy received by the earth 


I uu uu — /o 

°' s %SÕ 

y the earth 

n r 


= 0T0x 2855.5 

.97 7 


= 1427.7 W/m 2 
Diffuse radiation is 20% 

=> 0.20x1427.7 = 285.5 W/m 2 


Diffuse radiation = 285.5 W/m 2 


Total radiation reaching the collection 

= 142.7 + 285.5 
= 1713.2 W/m 2 
Plate area = Axcos d 

= 2x2xcos 45° 

= 2.82 m 2 

Energy received by the collector 


■( 1 ) 


■( 2 ) 
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= 2.82x1713.2 
= 4831.2 W 

15. Two black square plates of size 2 by 2 m are plaeed parallel to eaeh other at a distanee of 0.5 m. 
One plate is maintained at a temperature of 1000°C and the other at 500°C. Find the heat exchange 
between the plates. 

Given: Area A = 2x2 = 4nr 


Ti = 1000°C + 273 
=1273 K 
T 2 = 500°C + 273 
= 773 K 

Distanee = 0.5 m 
To find : Heat transfer (Q) 

Solution : We know Heat transfer general equation is 


Q -1-, 


Tt 4 -t 4 1 

1 2 ^ 


1 


1-S 0 


where 


A 1 £ - 1 A^g A a £ 2 


£ . = = 1 


For black body 

=* Q 12 =a[T 1 4 -T 2 4 ]xA 1 F 1 

= 5.67 x 10 8 [(1273) 4 - (773) 4 ] x 4 x F 

-1 




[From equation No.(6)] 


9o 


Q 12 =5.14x10% 


■( 1 ) 


Where Fu - Shape factor for square plates 

In order to find shape factor Fn, refer HMT data book, Page No.76. 

Smaller side 


X axis = 


Distanee between planes 
2 

0.5 


X axis = 4 


Curve —» 2 [Since given is square plates] 

X axis value is 4. curve is 2. So corresponding Y axis value is 0.62. 


te., 

( 1 ) 


F 12 =0.62 


Q 12 =5.14x10 k x0.62 


Q 12 =3.18x10 5 W 
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16. Two parallel plates of size 3 m x 2 m are placed parallel to eaeh other at a distanee of 1 m. One 
plate is maintained at a temperature of 550°C and the other at 250°C and the emissivities are 0.35 and 
0.55 respeetively. The plates are located in a large room whose walls are at 35°C. If the plates loeated 
exchange heat with eaeh other and with the room, calculate. 

1. Heat lost by the plates. 

2. Heat received by the room. 

Given: Size of the plates = 3 m x 2 m 
Distanee between plates = 1 m 
First plate temperature Ti = 550°C + 273 = 823 K 
Second plate temperature T 2 = 250°C + 273 = 523 K 
Emissivity of first plate si = 0.35 



^- = 0, ^ = 0.309, -—— = 0.136 
p a f A f A 

Apply 3 3 1 1 2 2 values in electrical network diagram. 

To find shape factor F 12 refer HMT data book, Page No.78. 

x2 = 3 = 3 

C 1 

Y = — = — = 2 
c 1 


X value is 3, Y value is 2, corresponding shape factor [From table] 

F 12 = 0.47 


25 





F 12 =0.47 


We know that, 

Fu + F12 + F13 = 1 
=> F|3 = 1 — F 12 

=* F 13 =1-0.47 


But, 


Fn = 0 


F 13 =0.53 


Similarly, F 21 + F 22 + F 23 = 1 
E 23 — "I — F 21 
F 23 — 1 — F 12 

F 13 = 1 - 0.47 


We know 


F 23 = 0.53 


From electrical network diagram, 

= 0.314 

= 0.314 


1 

1 

AiF 13 

” 6x0.53 

1 

1 

A F 

n 2' 23 

“ 6x0.53 

1 

1 


A^ 6x0.47 


= 0.354 


-■( 1 ) 

....( 2 ) 

....(3) 


From Stefan - Boltzmann law, we know 

E b = cr T 4 
E b1 = <?V 

= 5.67x10 


E b1 =26.01 x 10 3 W/m 2 


1 [823] 4 


cF 


■( 4 ) 


E b2 T 2 


= 5.67x10' 8 [823]' 


E b2 = 4.24x10 W/nT 


.(5) 


E b3 — 


= 5.67x10' 8 [308] 4 


F22-O 




xO 

cr 
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E b3 =J 3 =510.25 W/nF 


.( 6 ) 


[From diagram] 

The radiosities, Ji and J 2 can be calculated by using Kirchoff s law. 
^ The sum of current entering the node J 1 is zero. 

At Node J 1 : 


26 












Ebl 4 + 4_4. + ^b3 4 _ Q 

0.309 1 1 


^ 1^13 


[From diagram] 


26.01x 10 3 -J 1 J 2 -J. 510.25-J, n 

0.309 0.354 0.314 

84.17x10 3 -^ + ^L + ^L + 16 25-^ = 0 

0.309 0.354 0.354 0.354 

-9.24^ + 2.824 =-85.79x10 3 .(7) 


At node jz 

4 ~^2 , ^b3 ~4 

1 1 

A F A F 

n f 12 / '2 23 


^b2 4 _ g 

0.136 


4-4 510.25-4 4.24x10 3 -4 


0.354 

4 


0.314 


0.136 


4 J 2 | 510.25 J 2 | 4.24x10 3 J 2 _ Q 
0.354 0.354 + 0.314 0.314 + 0.136 0.136 ~ 


C» 


9o 


2.824-13.34 =-32.8x10 3 


Solving equation (7) and (8), 


-9.244+2.824 =-85./0) 10 
2.824 -I 3.34 =-32.8x10 3 


. ( 8 ) 


4 =4.73x10 3 W/m 2 


4 =10.73x10 : 


'W/m 2 

(1) is given t 


Heat lost by plate (1) is given by 

q _ E b i ~4 


^ 26.01x10 3 -10.73x10 3 
Ul “ 1-0.35 

0.35x6 

Q. =49.36x10 3 W 


Heat lost by plate 2 is given by 

Q _ ^b2 ~ 4 

O /• \ 
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^ _ 4.24x10 -4.73x10 
U2 “ 1-0.55 

6x0.55 

Q 2 =-3.59x1 O 3 W 

Total heat lost by the plates 

Q = Qi + Q2 


= 49.36 x 10 3 - 3.59 x 10 3 


Q = 45.76x10 3 W 

Heat received by the room 


0 = _^3 , y*2_^3_ 

1 1 


^ 1^13 ^ 1^12 

10.73x10 3 -510.25 _ 4.24x10 3 - 510.25 
0.314 “ 0.314 

[v E b1 =J 1= 512.9] 


Q = 45.9x10 3 W 




9o 


From equation (9), (10), we came to know heat lost ny the plates is equal to heat received 
by the room. 

17. A gas mixture contains 20% CO 2 and 10% H 20 by volume. The total pressure is 2 atm. The 
temperature of the gas is 927°C. The mean beam length is 0.3 m. Calculate the emissivity of the 
mixture. 


Given : Partial pressure of CO 2 , c ° 2 = 20% = 0.20 atm 
Partial pressure of H 20 , 


= 10% = 0.10 atm. 


Total pressure P 


= 2 atm 


Temperature T = 927°C + 273 
= 1200 K 

Mean beam length L m = 0.3 m 
To find: Emissivity of mixture (Smix). 

Solution : To find emissivity of CO 2 

Pc 0 2 X Lm = 0-2 x 0.3 
p co 2 xL m =0-06 m - atm 

From HMT data book, Page No.90, we can find emissivity of CO 2 . 
From graph, Emissivity of CO 2 = 0.09 
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s co 2 — 0-09 

To find correction factor for CO 2 

Total pressure, P = 2 atm 

p co 2 L m = 0.06 m - atm. 


From HMT data book, Page No.91, we can find correction factor for CO 2 
From graph, correction factor for CO 2 is 1.25 


C co? = 1 -25 


^coo xC co 2 = 0 . 09 x 1.25 


^co, x ^co, — 0.1125 


H n 

To find emissivity of 2 : 

P H 2 o xL m =0- 1x0 - 3 


P H 2 o L m = 0.03 m- atm 


H o 

From graph Emissivity of 2 = 0.048 


V = 0- 048 


H o 

To find correction factor for 2 


p uo + p 0.1 + 2 


nd emissivity ( 

íf 


v< 

. ,H,o. 


<ò 
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From HMT data book, Page No.92, we can find emissivity of 2 


= 1.05 


P H 2 o+ P 


1 . 05 , 


P H 2 o L m = 0.03 m-atm 


From HMT data book. Page No.92 we can find emission of H 2 O 
From graph, 

Correction factor for H 2 O = 1.39 
Cmo = 1.39 

8 h 2 o x Ch 2 o — 0.048 x 1.39 
81120 x Ch 2 o = 0.066 

Correction factor for mixture of CO 2 and H 20 : 
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From HMT data book. Page No.95, we can find correction factor for mixture of CO 2 and 2 
From graph, As = 0.002 

Total emissivity of gaseous mixture, Smix = sco 2 x C c0 2 + smo x Ch 2 o- As 

= 0.1125 + 0.066-0.002 
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1. A mixture of O 2 and N 2 with theirpartialpressures in the ratio 0.21 to 0.79 is in a Container 
at 25°C. Calculate the molar concentration, the mass density, and the mass fraction of each 
species for a total pressure of 1 bar. What would be the average molecular weight of the 
mixture? 

Given: 


Partial pressure of 0 2 , P 0 2 = 0.21 xTotal pressure 

= 0.21 x 1 bar 
= 0.21 x 1 x 10 5 N/m 2 
Partial pressure of No, Pm = 0.79 x Total pressure 

= 0.79 x 1 bar 
= 0.79 x 1 x 105 N/m 2 
Temperature, T = 25°C + 273 
= 298 K 


To fine: 


1. Molar concentrations, C 0 2 

2. Mass densities, Po 2 , Pm 

3. Mass fractions, mo 2 , m N2 

4. Average molecular weight,. 



Solution: 

We know that 


, 


Molar concentration, C = 


GT 


p 

C„, = ■ 02 


==> 


02 GT 
_ 0.21 x 1 x 10 5 
8314x298 

[ v Universal gas constant, G = 8314 J/kg - mole - K] 


Cq 2 = 8.476 x 10 3 kg - mole /m3 





We know that, 

P 

Molar concentration, C = — 

M 



Overall density, p = p o2 + p N2 
= 0.271 + 0.893 
p = l.l6Akgl m 3 

Mass fractions: 


m 


Po2 _ 0.271 
p 1.164 


m o2 = 0.233 







m 


N 2 


Pn 2 _ 0-893 
p 1.164 


itln2 — 0.767 


Average Molecular weight, 

M = P o 2 M o2 + P N2 M n2 
= 0.21x32 + 0.79x28 


M = 28.84 


Result: 


1 . 


2 . 


3. 


C o2 = 8.476 x 10 3 /cg - mofe / m 3 
CA2 = 31.88 x 10~ 3 /cg - mofe / m 
p q 2 = 0.271/cg/ m 3 
^2 = 0.893/cg/ m 3 
= 0.233 


m o2 

m N2 =0.767 






cr 




4. M = 28.84 


2. The molecular weights ofthe two components A and B of a gas mixture are 24 and 28 
respectively. The molecular weight of a gas mixture isfound to be 30. Ifthe mass 
concentration ofthe mixture is 1.2 kg/m 3 , determine the following: 

Density of component A and B 
Molar fractions 
Mass fractions 

Total pressure ifthe temperature ofthe mixture is 290 K 


I. 

II. 

III. 

IV. 


Given: 


Molecular weight of component A, M A = 24 
Molecular weight of component B, M B = 48 
Molecular weight of gas mixture, M = 30 

o 

Mass concentration, p= 1.2 kg/m 





Temperature, T = 290 K 
To find: 

1. Density of component A and B, p A , p b 

2. Molar fraction, x A , and x B 

3. Mass fractions, m A , and m B 

4. Total pressure, P 

Solution: 

Molar concentration of the mixture, 


M 


L2 

30 


We know that, 

C A + C R = C 


C = 0.04 


C A + C B = 0.04 


We know that, 

Pa — M A Ca 


-> 






5 ? 


cr 
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[vM a = 24] 


Pa = 24C 


( 1 ) 


p B =M B C B [vM b = 24] 

Pb = 48C fl 


We know that, 


Pa + Pb =P 


==> 


24 C A + 48 C B = p 


(2) 









Solving equation (1) and (2) 


==> C A = 0.03 kg mole/m3 
==> Cb = 0.01 kg mole/m3 
(i) Density 

Density, p A = 24 C A 

= 24 x0.03 


p A - 0.12kg/ ni 


Density, p B = 4SC A 


= 24 x 0.01 


p B - 48 kg! nr' 


ii) Mole fractions 

C^O^o.75 

C 0.04 

,._£.=™i = 0 .25 


C 0.04 
tions M 

xA 

n O 77 


iii) Mass fractions 

p A 0.72 n n . 

p 1.2 

p B 0.48 . . 

m R = — =-= 0.4 

* p 1.2 


0 


ck 


5 ? 


cr 
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iv) Total pressure at 290 K 


Gas law, P V = mRT 


m 


==> P = —RT 
V 





= pRT 



G T 

= px — xT 
M 

, „ 8314 

= 1.2 x-x 290 

30 

p H =48%/ m 3 


[ ' Universal gas constant, G = 8314 J/kg - mole - K] 


P = 96442 N/m" 


P = 96.442 kN/nr 


Result: 


1 . 


2 . 


3. 


4. 


p A =0.72% / m 3 
=0.48%/m 3 
x A = 0.75 
x B = 0.25 


m A = 0.6 
m B = 0.4 


P = 96.442 kN/ 




ck 
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3. Gaseous hydrogen is stored in a rectangular Container. The walls of the Container are of 
Steel having 25 mm thickness. At the inner surface of the Container, the molar concentration 
of hydrogen in the Steel is 1.2 kg mole/m while at the outer surface ofthe Container the molar 
concentration is zero. Calculate the molar diffusion flux for hydrogen through the Steel. Take 


diffusion co-efftcient for hydrogen in Steel is 0.24 x IO 12 nr/s 


Given: 


Thickness, L = 2 mm = 0.002 m 


C 


al 


% - mole 

Molar concentration at inner side, C a i =1.2 Hydrogen 

Molar concentration at outer side, 


C a2 = 0 



b H 





Diffusion co-efficient, 


Dab = 0.24 x 10-12 m 2 /s 
To find: 


Molar diffusion flux, ^ 


Solution: 


We know that, for plane membrane 


Molar flux, 



\Çai C a2 ] 


0.24x10 12 
= Õ25 


[ 1 . 2 - 0 ] 


m 


a 


A 


1.15x10 11 


kg - mole 

2 

s - m 


Result: 



Molar diffusion flux. 


^ = 1.15x10-' 

A s — m 


4. C02 and air experience equimolar counter diffusion in a circular tube whose length and 
diameter are 1.2 m and 60 mm respectively. The system is at a total pressure ofl atm and a 
temperature of273 K. The ends ofthe tube are connected to large chambers. Partialpressure 
ofC0 2 at one end is 200 mm ofHg while at the other and is 90 mm of Hg. Calculate the 
following 


1. Mass transfer rate of CO 2 and 

2. Mass transfer rate of air 


Given: 


Diameter, d = 60 mm = 0.06 m 

Length, ( x2 ~ x i) = 1.2 m 
Total pressure, p = 1 tm = 1 bar 
Temperature, T = 273 K 



Partial pressure of CO 2 at one end 



==> 

==> 


200mm _ -^-bar 

ottig- 760 

P a i = 0.263 bar [ ' 1 bar = 760 mm of Hg] 
Pai = 0.263 x 10 5 N/m 2 


[ • 1 bar = 10 à N/m-] 


Partial pressure of C02 at other end 

90 


Pa2 = 90 mm of Hg -j^O 
==> P a 2 = 0.118 bar 


bar 


==> P a2 = 0.118 x 10 5 N/m 2 


Tofind: 


1. Mass transfer rate of CO 2 

2. Mass transfer rate of air 


Solution: 

We know that, for equimolar diffusion 

MT 


5 ? 
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^ab I Pal ^a2 


Molar flux, a = GT 


x , — x. 


Where, 

D a b - diffusion co-efficient - m“/s 

The diffusion co-efficient for CO 2 - Air combination is 11.86 x 10 6 m 2 /s 
D ab =11.89xl0 _6 m 2 /6 


J 

G - Universal gas constant - 8314 ^ _ mo [ e _ 





A - Area = 



2 


í(0,060) ! 

A = 2.82x10 3 m 2 


(!)==> 


m 


-6 


2.82x10 


-3 


11.89x10 
83.14x273 


0.263 xlQ 5 -0.118xlQ 5 
—— 


Molar transfer rate of C02, ma = 1.785 x 10 


kg - mole 



We know, O 

Mass transfer rate of CO 2 = Molar transfer xMolecular weight 

= 1.785 x 10-10 x 44.01 

[Molecular weight of C02 = 44.01, refer HMT data, page no. 182 0] 

kg - mole 


Mass transfer rate of air, mb = - 1.785 x 10 -10 


[ Y ma = - m b ] 


Mass transfer rate of air = Molar transfer x Molecular weight or air 

= - 1.785 x 10' 10 x 29 


Result: 


Mass transfer rate of air = - 5.176 x 10~ 9 kg/s 


1. Mass transfer rate of C02 = 7.85 x kg/s 
2 Mass transfer rate of air = - 5.176 x 10" 9 kg/s 

5. Determine the diffusion rate f w ater from the bottom of a test tube of25 mm diameter and 
35 mm long into dry air at 25°C. Take diffusion co-efftcient of water in air is 0.28x 10' 4 m2/s. 





Given: 


Diameter, d = 25 mm - 0.025 m 

Length, - x i )= 35 mm = 0.035 m 
Temperature, T = 25°C + 273 = 298 K 
Diffusion co-efficient, D a h = 0.28 x 10 4 m 2 /s 


To find: 

Diffusion rate of water 
Solution: 

We know that, for isothermal evaporatior? 


já* 

anoration. 


cr 
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m 


D ab P 


í 


Molar flux, A = G r(.r,-x 1 ) 

V J 


In 


P~P 


w2 


P~P 


vvl J 


Where, 



[From equation no. 5.9] 


( 1 ) 


J 

G - Universal gas constant = 8314 ^ _ mo [ e _ g 

p - Total pressure = 1 atm = 1.013 bar = 1.013 x 10 5 N/m 2 

Pwi = Partial pressure at the bottom of the test tube corresponding to saturation 
temperature 25 °C 


At 25°C 




==> 


P w i = 0.03166 bar 


==> 


P W 1 = 0.03166 X 10 5 /m 2 


P w 2 - Partial pressure at the top of the test tube. Here, air is dry and there is no there is no 
water vapour. So, p W 2 = 0. 


=> 


Area, A 4 


^(0.025) 2 


Pw2 = 0 


A = 4.90x10^ m 2 


ma 0.28x10 4 1.013x10 T . 

( 1 ) ==>-- =-x-x In\ 

4.90x10 4 8314x298 0.035 




yl.013x 10 -0.03166x10 ) 


x 10 


-10 


kg - mole 


Molar rate of water vapour, m a 

4 

Mass rate of water vapour = molar rate of water vapour x Molecular weight of water vapour 

= 5.09x10 10 x 18.016 

[•/Molecular weight of steam = 18.016, refer HMT data book, page no. 183] 
Mass transfer rate of water vapour = 9.170 x 10 9 kg/ s 


Result: 


Diffusion rate of water = 9.170 x 10 9 kg/s 






6. Dry air at 30°C and one atmospheric pressure flows over a flat plate of600 mm long at a 
velocity of 55 m/s. Calculate the mass transfer co-efftcient at the plate. 

Given: 


Fluid temperature, T* = 30°C 
Velocity, U = 55 m/s 
Length, 1 = 600 mm = 0.6 m 


To find: 


(O 


Mass transfer co-efficient, 

Solution: 

Properties of air at 30°C 
Kinematic viscosity, v = 16 x 10" 6 m 2 /s 
We know that. 


Ux 


Reynolds Number, Re 




cr 
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55xl 

~~ 16x10 6 
Re = 2.06xl0 6 >5xl0 5 

Since, Re >5xl0 5 , flow is turbulent 

[Flow is laminar upto Re = 5xl0 5 , after that flow is turbulent] 
For combined Laminar - Turbulent flow, flat plate, 

Sherwood Number (Sh) = [0.037 (Sh)0.8 - 871] Sc 0.333 

Where, 


( 1 ) 


Sc - Schmidt Number = . . 

D a b 

Dab - Diffusion co-efficient (water + Air) at 30°C ~26°C = 25.83 x 10 6 m2/s 
Dab = 25.83 x 10~ 6 m 2 /s 


(2) 






16x10 


6 


(2) ==>Sc = 


25.83x10 6 


Sc = 0.619 


Substitute Sc, Re values in equation (1) 

(1) sh = [ 0.037 (2.06 x IO 6 ) 08 -871] (0.619) 0333 


Sh = 2805.13 


We know that, 


Sherwood Number, Sh: 


K x 

D., 


==> 2805.13 = 


K xO-6 

25.83 xl0~ 




fò 


Mass transfer co-efficient, h. 


ti m = 0.121 m/s 


Result: 


Mass transfer co-efficient, h m = 0.121 m/s 




7. Air at 25°C flows over a trayfull of water with a velocity of 2.8 m/s. The tray measures 30 
cm along the flow direction and 40 cm wide. The partial pressure of water present in the air is 
0.007 bar. Calculate the evaporation rate of water is the temperature on the water surface is 
15°C. Take diffusion co-efficient is 4.2 x 10' 5 m 2 Is. 

Given: 


Fluid temperature, T ^ = 25°C 
Speed, U = 2.8 m/s 

Flow direction is 30 cm side. So, x = 30 cm = 0.30 m 
Area, A = 30 cm x 40 cm =0.30 x 0.40 m 2 
Partial pressure of water, p w2 = 0.007 bar 






p w2 = 0.007 x 10' 5 N/m 2 


Water surface temperature, T w = 15°C 


Diffusion co-efficient, Dab = 4.2 x 10 5 N/irT 


To find: 


Evaporation rate of water, (m w ) 


Solution: 


We know that. 


Film temperature, T f = 


T +T 15 + 25 


T f = 20°C 


Properties of air at 20°C 

Kinematic viscosity, v = 15.6 x 10~' 


We know that. 


Reynolds Number, Re = = — 




cr 
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2.8x0.30 
15.06x10 6 


Re = 0.557xlO 5 <5xl0 5 


Since, Re < 5 x 10 , flow is laminar. 

For flat plate, Faminar flow: 

Sherwood Number, (Sh) = [0.664 (Re) 0 5 (Sc) 0333 ] 


Where, 


Sc - Schmidt Number = 


15.06x10 
4.2 x 10 5 


( 1 ) 

...( 2 ) 







Sc = 0.358 


Substitute Sc, Re values in equation (1) 

(1) sh = [ 0.664 (0.557 x IO 5 ) 0 ' 5 (0.35 8) 0333 ] 


Sh = 111.37 


We know that. 


Sherwood Number, Sh: 


K x 

D 


==>111.37 = 


h x 0.30 

m _ 

4.2x10 5 


Mass transfer co-efficient, h m = 0.0155 m/s 




O 
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Mass transfer co-efficient based on pressure differenc3 is ; i by, 


hmp = 


h. 


0.0155 


RT ,. 287 x 288 


[vT w = 15°C + 273 =288 K, R = 287 J/Kg K] 


-— t 

& 



h mD 4L'88 x IO' 7 m/s 



Saturation pressure of water at 15°C 


wl 


0.017 


p wl = 0.017 x 10 5 N/m 2 


The evaporation rate of water is given by, 
m u = h ,np XA [Pwl ~P w2 ] 

= 1.88x10 7 x (0.30x0.40)x[0.017xl0 5 - 0.007 xlO 5 ] 


m w = 2.25x 10 5 kg/s 









Result: 


Evaporation rate of water, mw = 2.25 x 10 5 kg/s 

8. Air at 30°C and atmospheric pressure flows in a 12 mm diameter tube of 1 meter length with 
a velocity of2.5 m/s. The inside surface of the tube contains a deposit of naphthalene. 
Determine the average mass transfer co-efficient. Take diffusion co-efficient, D a b = 0.62 x 10' 
5 m 2 /s. 


Give:- 


Fluid temperature, = 30°C 
Velocity, U = 2.5 m/s 
Diameter, D = 12 mm = 0.012 m 
Length, x=lm 
Diffusion co-efficient, Dab = 0.62 x 10~ J m7s 
To find: 

Average mass transfer co-efficient, h„ 

Solution: 

Properties of air at 30°C 
Kinematic viscosity, v 
We know that, 

Reynolds Number, Re = = 



v 

_ 2.5x0.012 
16x10 6 

Re = 1875x2000 


Since, Re < 2000, flow is laminar. 
For laminar internai flow: 


Sherwood Number, Sh = 3.66 



We know that, 


Sh = 


h„D 


D 


ab 


==>3.66 

==>3.66 


h m x 0.012 

D'ab 

h m x 0.012 
0.62x10-5 


Mass transfer co-efficient, h m = 1.89 x 10' 3 m/s. 


Result: 




